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The present study was conducted to determine the
effects of dimethylsulfoxide (DM50) on the differentiation
of chick limb mesenchymal cells in vitro. Cells treated
with 30 and 40 mg DMSO/ml of medium for 72 h were inhibited
from producing cartilage. Chromosome aberrations were
induced in cells treated with 1—5 mg DMSO for 24 h. The
compound also induced alterations to the morphology of the
cells such as reduction in the cell size and cytoplasm,
cytoplasmic vacuolization and alterations to the plasma
membrane and cellular organelles. There was also a decrease
in cell density when the cells were exposed to DMSO for 48
and 72 h. To determine if the inhibition of cartilage
production was related to alterations in macromolecular
synthesis, cells were pulse—labelled with [3H]—thymidine,
[3H]—leucine, [3H]—glucosamine and [35S1—sodium sulfate to
measure DNA synthesis, protein synthesis, hexose utilization
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and glycosaminoglycan (GAG) synthesis, respectively.
Results indicated that 30 and 40 mg DMSO/ml of medium
significantly reduces the synthesis of products in chick
limb mesenchymal cells. There was also a reduction in the
total DNA and protein content after a 48 and 72 h exposure
to DMSO but the ratio of total protein content to total DNA
content remained the same. There also appeared to be an
increase in total GAG content following a 24 and 48 h
exposure to 40 mg DMSO/ml Of medium.
Immunofluorescence studies indicated that cells exposed
to 30 and 40 mg DMSO/ml of medium retained fibronectin at
the cell surface after 72 h in culture and the compound
appeared to have altered the arrangement of actin filaments
within the cells.
These results suggest that the inhibition of
chondrogenesis by DMSO may be related to a decrease in cell
density, alterations in cellular morphology, macromolecular
synthesis and the arrangement of actin filaments as well as
the retention of fibronectin at the cell surface.
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Dimethyl sulfoxide (DMSO) was first prepared by
Alexander Saylzeff in 1866 through the oxidation of dimethyl
sulfide (Leake, 1967; David, 1972; Brown, 1982). Unfortu
nately, the chemical was not utilized or tested and was
nearly lost for approximately 80 years (Brown, 1982).
During the early 1950’s, interest in DMSO was renewed. At
that time scientists were interested in the development of
certain polymers and finding a suitable solvent for these
complex molecules (Brown, 1982). The solvent of choice was
DMSO. They found that lignin, a waste product of paper
manufacturing, was a rich source of methyl groups needed to
prepare dimethyl sulfide, a precursor of DMSO (David, 1972;
Brown, 1982). In the conversion process, molten sulfur was
added to lignin to form dimethyl sulfide which was oxidized
using nitrogen tetroxide to form DMSO (David, 1972).
However, in Europe DMSO is prepared from coal and petroleum
(Brown, 1982).
One of the most distinctive characteristics of DMSO is
its excellent solvent properties due to its physicochemical
characteristics (Leake, 1967). It has served as a solvent
for resins, dyes, pigments, drugs, steroids, insecticides,
fungicides and herbicides and for promoting chemical reac
tions (Kligman, 1965; David, 1972; Andreae, 1980).
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The penetrating properties of DMSO are quite
extraordinary. It has been suggested that it may aid in
carrying steroids through the skin (Leak, 1967). It has
been shown that not only does DMSO pass through the skin but
it also carries a host of chemicals with it without harming
the skin or membranes (Brown, 1982). Stroughton and Fritsch
(1964) reported that DMSO enhances the penetration into the
skin of naphazoline hydrochloride, a vasoconstrictor, hexo—
pyrronium bromide, an antiperspirant, and fluocmolone
acetonide, a corticosteriod.
Clinically, DMSO has been used to treat numerous
conditions such as arthritis (Brown, 1982; Leake, 1967),
bursitis (Brown, 1982), burns (Ashley et al, 1967; Brown,
1982), musculoskeletal (Demos et al, 1967; Blumenthal and
Fuchs, 1967) and genitourinary disorders (Persky and
Stewart, 1967), headaches (Blumenthal and Fuchs, 1967;
Ogden, 1967) and scleroderma (Brown, 1982). It has also
been shown to be analgesic, bacteriostatic, diuretic and
sedative (Leake, 1967).
Reports on the mutagenic, carcinogenic and teratogenic
effects of DMSO have been limited. Ehrlich et al, (1980)
reported that DMSO extracts of flame retardants were
mutagenic to V79 hamster lung cells, causing conversion to
ouabain resistance. It has also been reported that various
concentrations of DMSO significantly increase the frequency
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of chromosoma]. aberrations in vivo and in vitro (Kapp and
Eventoff, 1980; Patterson and Smalls, 1981). Yee et al,
(1972) reported that when yeast cells were grown on agar
containing DMSO they were converted to respiratory deficient
petite mutants. These mutants were incapable of growth on
aerobic substrates and were not observed to revert to the
respiratory—competent state. However, McCann et al, (1975)
observed that DMSO is non—mutagenic using the
salmonella/microsome test. On the other hand, Sun et al,
(1971) reported that a DMSO extract of betel nut is
carcinogenic to the mucosa of the hamster buccal pouch and
that it is teratogenic in the golden hamster (Ferm, 1966a;
Marjn—padilla, 1966; Ferm, 1966b; Ferm, 1969), and rat
fetuses (Juma and Stapples, 1967).
In 1967, Caujolle and Caujolle reported that DMSO was
teratogenic to chick embryos. They found that treatment of
4—day chick embryos with DMSO (10—20 mg) resulted in lesions
to the limbs. The malformations that were readily observed
ranged from ectromelia to brachymelia. It was observed that
the autopod segment of the limbs were affected more than the
other segments. They also noted that at the wing and leg
bud regions, there appeared hemorrhagic cysts which
disappeared around day 12. It was suggested that the cause
of the limb malformations may be due to a hemolytic action
that affects the developing vascular system but this may not
be the only mechanism of action.
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In 1971, Friend et al, reported that DMSO stimulated
murine virus—induced erythroleukemia cells to differentiate
along the erythroid pathway. These cells were stimulated to
the normoblast stage. They also noted that these cells lost
their malignancy and, when transferred to DMSO free medium,
hemoglobin synthesis was triggered.
Based on these reports, this project was designed to
determine the mechanism of action of DMSO in inducing chick
limb malformations and its effects on the chondrogenesis
process in vitro. To comprehensively evaluate the effects
of the experimental compound, the research plan was composed
of three components: (1) cytogenetic techniques, (2) mor
phological and developmental studies and (3) biochemical
studies. In the first component, cytogenetic techniques
were utilized to evaluate the effects of DMSO on chromosomes
of chondroblasts as revealed by analysis of chromosome
aberrations. The second component tested DMSO effects on
(a) the chondrogenic process in vitro, and (b) cell mor
phology through phase microscopy, transmission and scanning
electron microscopy. Component three, the biochemical
studies, involved (a) examining the incorporation of
tritium—labelled compounds and sodium sulfate (Na35SO4) into
macromolecules, (b) quantitating total DNA, protein, cell
number and sulfated glycosaminoglycans and (c) measuring the





DMSO is a dipolar aprotic solvent (Rammler and
Zaffaroni, 1967; Morrison and Boyd, 1973; David, 1972),
meaning that it does not contain a hydrogen that is attached
to an oxygen or nitrogen; hence, it is not acidic (Morrison
and Boyd, 1973). Although it possesses hydrogen atoms, DMSO
lacks the ability to donate hydrogen atoms to form strong
hydrogen bonds with other substances (David, 1972). Thus,
DMSO differs from protic solvents, such as water and
alcohol, in its tendency to accept rather than donate
protons (Rarnmler and Zaffaroni, 1967). DMSO has a rela
tively high dielectric constant which enables it to lower
the attraction between opposite charged molecules when they
are solvated. This is due to the polarity of the S—O bond
(David, 1972; MacGregor, 1967; Morrison and Boyd, 1973).
Because of this property, DMSO is an excellent solvent for
ionic polar compounds (Morrison and Boyd, 1973; MacGregor,
1967).
DMSO has a highly associated and ordered structure
(Rammler and Zaffaroni, 1967). It resembles a pyramid with
the sulfur, carbon and oxygen atoms at the corners
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(MacGregor, 1967; David, 1972; Ramniler and Zaffaroni, 1967):
H3C CH3
The polarity of DMSO is due to the S—0 bond (David,
1972; MacGregor, 1967) but in the polarized form, both the
02 and S possess unshared electron pairs (Ranunler and
Zaffaroni, 1967). DMSO solvates cations readily because of
the electron density of the 02 atom (MacGregor, 1967). The
solvent characteristics of DMSO are due to the fact that it
can form dipole—dipole or solvent—solute interactions
(David, 1972; Rainmier and Zaffaroni, 1967).
DMSO is more basic than water due to the electron
density of the oxygen molecule (MacGregor, 1967) but main
tains its ability to mix well with water (MacGregor, 1967;
Rammier and Zaffaroni, 1967; David, 1972). In 1961, Cowie
and Toporowski showed that a 2:1 complex is formed between
water and DMSO and that the hydrogen bonds between them are
stronger than the hydrogen bonds between water molecules.
It has been reported that simple amino acids are less
soluble in DMSO than water because water can donate as well
as accept protons (David, 1972). However, nonionic proteins
and steroids are often soluble in DMSO (David, 1972).
Hamaguchi (1964) reported that the enzyme, lysozyme, assumes
a more flexible configuration in DMSO than the native
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configuration due to the gradual exposure of certain amino
groups of the protein.
It has been shown that DMSO can cross the skin rapidly
(Rammler and Zaffaroni, 1967; David, 1972) due to its
ability to interact with water (David, 1972). Since the
cell’s main constituent is water, the polymers of the cell,
such as proteins, lipids and carbohydrates (CHO) are com
pletely solvated (Rammier and Zaffaroni, 1967; David, 1972).
Their native structure is dependent on bound water (Ramiuler
and Zaffaroni, 1967). It has been reported that when DMSO
comes in contact with the cell membrane there is a
reversible configurational change of protein molecules
because DMSO replaces water molecules and associates with
certain moieties within the proteins (David, 1972; Rammler
and Zaffaroni, 1967).
DMSO has been reported to have very strong penetrant
properties. This is primarily due to its association with
water. It readily crosses the cell membrane without
destroying its integrity (Jacob and Wood, 1967; David,
1972). Due to its ability to cross membranes, DMSO has the
capacity to carry other compounds (Jacob and Wood, 1967;
David, 1972; Kligman, 1965). Stoughton and Fritsch (1964)
noted that DMSO has the capacity to promote the penetration
of the following compounds through the skin: (1) napha—
zoline hydrochloride, a vasoconstrictor; (2) hexopyronium
bromide, an antiperspirant; and (3) fluocmolone acetonide, a
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corticosteroid. Kligman (1965) showed that a 90% concentra
tion of DMSO increased skin penetration of testosterone in a
24—h period when compared with alcohol. It was suggested
that in order to achieve maximum penetration within a short
period of time, a higher concentration of DMSO is needed.
Franz and Bruggen (1964) used frog skin to determine the
mechanisms of action of DMSO’s penetrability. Frog skin was
chosen because it possesses an electrical potential
difference across the membrane. They found that a 2.5% con
centration of DMSO resulted in a decrease in the electrical
potential of the skin and an increase in the transport of
electrolytes. This phenomenon was reversible because
changes in the electrical parameters cause changes in the
permeability.
Human skin has been a test model to study the effects
of DMSO on penetration by using visual tracers such as
methylene blue, iodine and iron dyes. Sulzberger et al,
(1967) reported that DMSO is capable of carrying these
solutes rapidly and deeply into the cornified layer of the
skin.
It is known that certain acidic nonsteroidal anti—
flainniatory drugs (NSAID), anesthetics and tranquilizing
drugs induce alterations in the permeability of cell
membranes and may even cause death (Famaey and Whitehouse,
1974). Famaey and Mockel (1973) observed that these com
pounds cause uncoupling of mitochondrial oxidative phospho—
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rylation. Whitehouse (1967) also observed that these
compounds inhibited [3H1—nucleotide incorporation into
nucleic acids and ~-4C—amino acid incorporation into lympho
cytes. Famaey and Whitehouse (1973) observed changes in the
permeability of intracellular membranes when 86Rb+, l34Cs+,
and 45Ca+ interacted with NSAID, anesthetics and
tranquilizing drugs. However, DMSO has effects similar to
NSAID. It was reported by Famaey and Whitehouse (1974) that
DMSO and its homologues greatly stimulated the uptake of
32Na~ and 45Ca~ but inhibited the uptake of and
134Cs~. Thus, ft is believed that DMSO can change the per~
meability of intracellular membranes by allowing the uptake
of certain cations and by altering the configuration of
proteins. Koib et al, (1967) reported that when a 90% con
centration of [35S]— or [3H]— labeled DMSO was applied
cutaneously to the skin of rats, the maximum count in the
blood was registered after 10 mm. They also reported that
4 h after dogs were treated cutaneously with labeled DMSO
about 80% of the labeled DMSO had penetrated the skin
barrier. However, after 24 h more than 90% had penetrated
the skin but after 2 weeks it was found that the
radioactivity in the dermis had declined and only 0.03% of
the dose could be detected. These studies indicated that
the absorption of large amounts of DMSO is rapid initially,
but its presence declines over extended periods of time.
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Denko et al, (1967) studied the distribution of [35S]—
DMSO into various organs of the rat after dermal applica
tion. Most of the labeled DMSO was found in the soft
tissues rather than in hard tissues. The highest values of
labeled DMSO was found in the following organs in decreas
ing order: spleen, stomach, lung, vitreous humor, thymus,
brain, kidney, scleral coats, colon, skeletal muscle, heart,
skin, liver and aorta. Of all the organs, the adrenals had
the least incorporation of radioactivity. In the blood,
however, DMSO was carried in the albumin fraction and hard
tissues, such as cartilage and bone had the least amounts of
radioactivity. They also showed that intraperitoneal
injections of [35S]—DMSO gave higher counts of radioactivity
in tissues than dermal applications. The distribution of
[35S]—DMSO indicated that the sulfur in DMSO follows the
pathway of organic sulfur in that it accumulates in soft
tissues and muscle for protein synthesis.
It has also been reported by Garren (1967) that DMSO
can penetrate tree bark and aids in the transport of
insecticides, fungicides and nutrient elements. He also
observed that plants having prior treatment with DMSO




Some of the major metabolites of DMSO are dimethyl
sulfone, dimethyl sulfide, methane and formaldehyde (Klein
et al, 1981; Klein et al, 1980). Distefano and Borgstedt
(1964) identified dimethyl sulfide in cats by gas chromato—
I
graphic and mass spectroscopic techniques. By analyzing the
expired air from cats, a sweetish odor associated with
dimethyl sulfide was detected within minutes after
administration of DMSO to the cats. However, Williams et
al, (1965) and Williams et al, (1966) reported an alternate
metabolic pathway for dimethyl sulfoxide. They observed
that in rabbits, dimethyl sulfoxide is oxidized to dimethyl
sulfone. After administering DMSO subcutaneously, urine
samples extracted with butanol revealed a white crystalline
compound with a melting point and infrared spectrum
identical to dimethyl sulfone. On the other hand, Williams
et al, (1966) observed that when rabbits were injected
subcutaneously with dimethyl sulfide (DMS) and urine samples
analyzed by gas—liquid chromatography (GLC), the prominent
peaks observed corresponded to DMSO and dimethyl sulfone
(DMSO2). However, DMS could not be detected by this method.
It was suggested that due to its insolubility in water and
its volatility, only small amounts of DMS were excreted into
the urine and the rest was probably expired. When rabbits
were injected with DMSO, as with the DMS experiment, the
prominent peaks observed corresponded to DMSO and DMSO2.
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However, the breath of the animals smelled strongly of DMS.
Rabbits injected with dimethyl sulfone did not metabolize it
to another compound. When urine samples were analyzed by
GLC, the results indicated the presence of DMSO2, and the
breath of the rabbits did not smell of DMS. From these
experiments, the investigators concluded that when DMS or
DMSO was injected subcutaneously, DMSO and DMSO2 were
excreted into the urine and DMS expired. However, DMSO2 is
not metabolized to either the sulfoxide or the sulfide but
is excreted unchanged.
Zinder and Brock (1978) reported that DMSO was reduced
to DMS by a wide variety of microorganisms including both
procaryotes and eucaryotes. Members of the Enterobacteri—
aceae, Pseudomonas aerugenosa and Bacillus subtilis
displayed the greatest reduction of DMSO whereas fermen—
tative anaerobes such as Steptococcus faecalis and
Clostridium butyricum reduced DMSO the least. They also
found that crude extracts of E. coli K12 reduced DMSO to DMS
in the presence of reduced pyridine nucleotides. In this
system, the activity was greater when NADH was used as the
electron donor rather than with NADPH. It was noted that
anaerobically grown cells had a greater activity than cells
grown aerobically. It was suggested that under anaerobic
conditions there could be an increase in a pre—existing
enzyme or the induction of a new one that could be
responsible for the reduction of DMSO and DMS.
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The oxidation of ethanol to acetaldehyde by microsomes
requires NADPH (Orme—Johnson and Zeigler, 1965; Lieber and
DeCarli, 1968, 1970, 1972). It is proposed that the oxida
tion of ethanol by microsomes involves two pathways; one
involving catalase:
H202 + ethanol + catalase acetaldehyde (1)
and the other involving hydroxyl radicals.
H202 ~‘ 20H (2a)
0H + ethanol > acetaldehyde (2b)
However, dimethyl sulfoxide has been shown to inhibit the
oxidation of ethanol (Cederbaum et al, 1977; Cederbaum et
al, 1978; Cederbaum et al, 1980). Further studies by
Cederbaum et al, (1977) have indicated that ethanol is
oxidized to acetaldehyde in a NADPH generating system to
which azide was added. Azide inhibits the peroxidatic
activity of catalase and thereby blocks any catalase—
dependent pathway of ethanol oxidation (reaction 1). When
DMSQ was studied to determine its effects on ethanol
oxidation, it was determined that DMSO inhibited the
oxidation of ethanol via the catalase independent pathway
(reactions 2a and 2b). It was suggested that the catalase
independent pathway for the in vitro oxidation of ethanol to
acetaldehyde may require the interaction of ethanol with
hydi~oxyl radicals generated from the microsomal electron
transfer pathway.
14
Cederbaum et al, (1978) studied the effects of hydroxyl
radical scavengers mannitol, benzoate and DMSO on ethanol
oxidation in the presence and absence of the catalase
inhibitor, azide. They found that in the absence of azide
there was only a slight inhibition observed with the
hydroxyl radical scavengers. However, in the presence of
azide, all three scavengers decreased the microsomal
oxidation of ethanol. This indicated that there were two
pathways involved in ethanol oxidation, a catalase dependent
pathway and a catalase independent pathway which produces
hydroxyl radicals. It was suggested that ethanol reacts
with the hydroxyl radicals to produce acetaldehyde. It was
proposed that DMSO and the other hydroxyl radical scavengers
inhibit the oxidation of ethanol to acetaldehyde by reacting
with hydroxyl radicals.
Cohen and Cederbaum (1979) reported that NADPH
initiates the production of methane from DMSO during micro—
somal electron transfer. DMSO, a known hydroxyl radical
scavenger, reacts with 0H radicals by binding to the sulfur
atom to form an intermediate. This intermediate is frag
mented to yield a methyl radical (CH3) and CH3SO2H
(Ashwood—Smith, 1975). Methane is generated from the methyl
radical (CH3) via hydrogen abstraction from a source with
in the reaction medium. Ethane is produced by dimerization
(Cohen and Cederbaum, 1980; Ashwood-Smith, 1975). The
reaction is as follows:
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2. CH3 - S — CH3—> CH3 + CH3SO2H
OH
3. .CH3 + Hydrogen source—> CH4 (methane)
Methane production from DMSO is used as a probe for the
generation of hydroxyl radicals during microsomal electron
transfer (Cohen and Cederbaum, 1979). The yield of methane,
however, was very low when it was compared with ethylene
production from other hydroxyl scavenging agents, such as 2—
keto—4—thiomethyl butyric acid (KTBA).
Formaldehyde (CH2O), one of the simplest aldehydes, is
produced when dimethyl sulfoxide reacts with hydroxyl
radicals (Klein et al, 1980; Klein et al, 1981). It was
reported that formaldehyde rather than methane seemed to be
the major product formed during the interaction of DMSO and
0H (Klein et al, 1980; Klein et al, 1981). Klein et al,
(1980) reported that the oxidation of xanthine by xanthine
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oxidase generates hydroxyl radicals via hydrogen peroxide.
Formaldehyde was produced from DMSO during the oxidation of
xanthine. However, they showed that when DMSO, xanthine or
xanthine oxidase was omitted from the reaction mixture,
formaldehyde was not produced. Catalase and superoxide
dismutase, on the other hand, inhibited formaldehyde
production. Mannitol, a hydroxyl radical scavenging agent,
was used to determine whether formaldehyde was produced when
3.3mM or 33mM concentrations of DMSO were used. They
reported that mannitol suppressed the production of
formaldehyde using a 3.3mM DMSO concentration in a dose—
dependent manner and that it was more effective than the
33mM concentration. It has been concluded that formaldehyde
production depends on the interaction of DMSO and hydroxyl
radicals that may be generated via an “iron—catalyzed”
Haber—Weiss reaction since it was shown that catalase
suppressed the production of formaldehyde.
Klein et al, (1981) reported that DMSO can be oxidized
to formaldehyde by three different oxygen radical producing
systems. They are: (1) the oxidation of xanthine by
xanthine oxidase, (2) the iron—catalyzed oxidation of
ascorbic acid and (3) NADPH—dependent electron transfer by
rat liver microsomes. However, when hydrogen peroxide was
added to the reaction mixture in the absence of either
xanthine or xanthine oxidase, formaldehyde production was
suppressed. When hydrogen peroxide was added to the
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complete reaction mixture, there was a stimulation of the
rate of formaldehyde production. The investigators surmised
that since H202 is a precursor of 0H and that formaldehyde
production does not occur as a direct interaction between
DMSO and H202, the increased production of formaldehyde from
DMSO may reflect increased production of 0H in the presence
of H202.
Klein et al, (1981) also evaluated the effects of
scavenging agents on formaldehyde production. They reported
that alcohols are strong scavengers for ~OH radicals and
showed that ethanol, butanol and mannitol suppressed the
production of formaldehyde in a dose—dependent manner. The
inhibition was greater with the 3.3mM DMSO concentration
than with a 33mM concentration of DMSO. During the
oxidation of ascorbic acid, formaldehyde was generated,
which was catalyzed by iron-EDTA. Formaldehyde production
was inhibited, however, by the addition of mannitol or 2—
keto—4—thiomethyl butyric (KTBA), which suggests that the
production of formaldehyde by this system is due to the
hydroxyl radical. In the NADPH-dependent electron transfer
system by rat liver microsomes, formaldehyde was produced
from DMSO in a time dependent manner. Because rat liver
microsomes are contaminated with catalase, the production of
formaldehyde was measured in the presence and absence of
azide. In the presence of azide, there was a stimulation of
formaldehyde production. But in the absence of azide, there
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was a reduction in the quantity of formaldehyde produced
from DMSO. However, it was shown that in the absence of
microsomes, a NADPH generating system or DMSO, formaldehyde
was not produced. In all the systems that were used to
produce oxygen radicals, DMSO was oxidized to yield
formaldehyde rather than methane as the main product. This
oxidation of DMSO appeared to be mediated by 0H radicals
generated from the precursor hydrogen peroxide because: (1)
competing 0H radicals inhibit the production of
formaldehyde; (2) the addition of iron—EDTA augments
formaldehyde production; and (3) a change in the rate of 0H
production changes the rate of formaldehyde production. The
synthesis of formaldehyde from DMSO by microsomes appears to
be similar to the way microsomes metabolize other 0H
scavengers such as KTBA, methionol and alcohols. When DMSO
interacts with 0H radicals, methyl radicals are produced
(Ashwood—Smith, 1975). This methyl radical can react with
molecular 02 to form a methylperoxy radical (CH30O~) which
decomposes via a Russell type mechanism to produce formalde
hyde (Russell, 1957; Klein et al, 1981). The reaction is as
follows:
0
1. CH3 - S - CH3 + 0H > CH3 + CH3SO2H
2. CH3 + 0 > CH300
3. 2CH300~ > CH2O CH3OH + 02
Formaldehyde
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Effects on Cellular Constituents
Nucleic acids, DNA and RNA, are macromolecules that
have high molecular weights. These molecules are stabilized
by hydrogen bonding and stacking of the bases as well as
other types of interactions (Birnboim, 1972). These
interactions can be disrupted and polynucleotide chains
dissociated using high concentrations of DMSO as a denatu—
rant for nucleic acids (Birnboim, 1972; Applebaum et al,
1966; Strauss et al, 1968). Birnboim (1972), Applebaum et
al, (1966) and Strauss et al, (1968) reported that DMSO is
capable of denaturing rat liver 28S rRNA and under
unfavorable conditions can cause aggregation. The
investigators found that 28S rRNA was readily denatured
using DMSO but that the RNA aggregated when it was
precipitated directly with ethanol and dissolved in NETS
[O.1M NaCl—O.O1M EDTA—KC1; O.lM Tris—HC1—O.2% sodium
dodecylsulfate (pH 7.5)] buffer. They also noted that one
of the major problems in using DMSO as a denaturing agent
was aggregation of the RNA. This was due to the tendency of
the denatured RNA molecules to form base—paired regions
(intermolecular as well as intramolecular) when the
denatured condition was removed. The formation of
intermolecular bonds could be minimized by diluting the RNA
and using low ionic strength solutions.
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Chromatin exists in two forms: heterochromatin, which
is condensed and euchromatin or template active chromatin
that is extended (Lapeyre and Bekhor, 1974). Lapeyre and
Bekhor (1974) studied the thermomelting characteristics of
chromatin in the presence of DMSO. They found that there is
a shift in the thermostability of chromatin between 65°C and
1000C in the presence of 1% DMSO. In fact, there is a
decrease in the thermostability of all base pair types
meaning that there is also a tendency for the chromatin to
move more toward the relaxed state. Circular dichroic
spectra indicated that DMSO concentrations of less than 10%
produced a relaxation of the chromatin structure by
destabilizing protein—DNA interaction resulting in an
increase in the percentage of B—conformation in chromatin.
However, concentrations of DMSO greater than 10% caused a
collapse in the native structure of chromatin.
It has been reported that DMSO increases transcription
on isolated chromatin from erythroleukemic cells using E.
coli RNA polymerase and calf thymus RNA polymerase II
(Stratling, 1976). When DMSO concentrations of 0.6 to 0.9 M
were added to a reaction mixture containing the RNA
polymerase, chromatin and ribonucleotide triphosphates
(NTP), total RNA synthesis increased. DMSO was also shown
to increase RNA synthesis on other templates from various
tissues. The investigator also observed that DMSO increased
RNA synthesis to a greater extent on the inactive chromatin
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templates as opposed to active templates. From these
studies, it was suggested that the target site for DMSO was
the chromatin template. When DMSO was added to a preincu—
bation mixture of E. coli polymerase, calf thymus polymerase
and chromatin before the addition of ribonucleotide
triphosphates there was a marked increase in RNA synthesis
than when DMSO was added with the ribonucleotide triphos—
phates. It was suggested that this increase in RNA synthe
sis by DMSO was mediated by a relaxation of the chromatin
structure.
It is known that many chemical carcinogens cause damage
to the cell by mutagenic activity. Breaks that occur in the
DNA may or may not be repaired. Sosnowski et al, (1976)
demonstrated that pretreatment of rats with 0.1 ml
DMSO/lOOg of body weight prevented strand breaks in hepatic
DNA induced by dimethylnitrosamine (DMN). Various tests
were undertaken to determine whether DMSO was acting at the
DNA level or at the level of metabolic activation of DMN.
In one test the investigators used the carcinogen
methylnitrosourea (MNU), which does not require metabolic
activation like DMN. When DMSO was injected prior to MNU
administration, it did not offer any protective effects. In
addition, they looked at the effect of DMSO on plasma
clearance of DMN. After the administration of 1 mg
DMN/lOOg of body weight, four hours later the levels of DMN
dropped when measured by pulse polarography (Chang and
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Harrington, 1975). However, high plasma levels of DMN were
observed when the rats were pretreated with DMSO 45 mm
prior to treatment with DMN. Based on these data, it was
suggested that DMSO inhibits the DMN—induced DNA strand
breaks by inhibiting the metabolic activation of DMN.
Protein subunits are usually stabilized by hydrogen
bonding, hydrophilic bonding and by bound water between
proton donor and acceptor groups within proteins (Henderson
et al, 1975). Deuterium oxide (D20) interacts with
biopolymers such as protein subunits to stabilize them. It
is reported that D20 stabilizes these protein subunits
because it has a higher bonding strength than hydrogen
(Henderson et al, 1975). DMSO is able to stabilize proteins
because it forms a stronger hydrogen bond than hydrogen,
thus, resembling D20 (Henderson et al, 1975; Rammier and
Zaffaroni, 1967). As reported by Henderson et al, (1975)
several enzymes were used as model units to test the effects
of DMSO on their configuration. DMSO was found to cause
dissociation of the enzyme glutamate dehydrogenase (GDH)
from the polymeric form to the monomeric form by shifting
the equilibrium between the active and inactive monomer and
either stabilizing or denaturing the enzyme, depending on
the temperature or the concentration of DMSO. Glutamate
dehydrogenase (GDH) was found to be stabilized in a 5% DMSO
concentration. It was suggested that this is due to the
effects of DMSO on the hydrophilic groups of GDH and bound
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water. As the concentration of DMSO increased, the activity
of the enzyme decreased, suggesting that this was due to a
cooperative inhibition, one that is seen with allosteric
modifiers. When B—glucuronidase was tested in the absence
of a substrate it was found that in the presence of 20% DMSO
the rate of inactivation of the enzyme was slow at 25°C but
increased at 37°C. When placed in D20 there was only a
minimal difference in the activity of the enzyme when the
two solvents were compared. It was noted that at 25°C, more
DMSO was needed to inactivate the enzyme than at 37°C. It
was also noted that the inactivation of the enzyme was
irreversible but in the presence of its substrate, DMSO
inhibited the enzyme in a reversible manner. The thrombin—
induced clotting of fibrinogen was found to be sensitive to
DMSO but the inhibition was dependent on the pH of the assay
medium. In the absence of DMSO there was no sensitivity to
pH. However, in the presence of 20% DMSO, the rate of
clotting was maximally inhibited at pH 6.0 and this
inhibition decreased linearly between pH 6.5 and 8.0. It
was suggested that DMSO may have an affinity for proton
donor groups whose ionization stages changed between pH 6—8.
Also the inhibitory effects of fibrinogen by DMSO was
maximum at high temperatures and high DMSO concentrations
which may indicate that DMSO interferes with hydrophobic
interactions.
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Stock and Fouts (1971) compared the effects of dimethyl
sulfoxide and dimethyl sulfone on enzymes from rat liver
microsomes. The studies involved the intraperitoneal injec
tion of DMSO into rats and the addition of dimethyl sulfone
to incubating systems containing hepatic microsomes and
other factors. When dimethyl sulfone was injected into
rats, isolated microsomes from the liver failed to show any
evidence of altered aniline or p—nitroanisole metabolism.
When dimethyl sulfone was added to in vitro incubating
systems containing aniline, cofactors and hepatic micro—
somes, there was an increase in aniline metabolism or
p—aminophenol formation as compared with controls. However,
p—nitroanisole metabolism was decreased in the presence of
dimethyl sulfone. The activity of aniline p—hydroxylase
from hepatic microsomes isolated from DMSO treated rats, was
optimum at pH 6.7 compared to pH 7.1 of the controls.
However, the activity of aniline p—hydroxylase from dimethyl
sulfone addition to the incubating systems was found to be
optimal at the same pH as the controls. They also noted
that DMSO does not alter the levels of cytochrome P—450 in
rat hepatic microsomes and that the rate limiting step in
oxidation of hepatic microsomes is the one catalyzed by
NADPH—cytochrome P-450 reductase. It was also observed that
the activity of this enzyme increased in rats treated with
DMSO. However, the activity of NADPH—cytochrome P—450
reductase decreased when dimethyl sulfone was added to an in
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vitro system. Based on these differences in stimulation,
the investigators suggested that the mechanisms of enzyme
stimulation by DMSO in vivo are not the same for the enzymes
tested and the pH optimum shift that is seen in DMSO
treatment indicating that there may be three different
hepatic microsomal enzymes for aniline p—hydroxylation.
Hsu et al, (1977) examined the effects of DMSO in vitro
on enzymes of rat renal brush border membranes. They were
concerned with changes in the localization of proteins,
enzyme activity and morphological appearance determined by
electron microscopy. Various enzymes, such as alkaline
phosphatase, aminopeptidase, glutamyl transpeptidase,
glutamyl hydrolase and maltase were analyzed and assayed in
the presence of increasing concentrations of DMSO for 10—60
mm. After incubation with DMSO, the isolated brush border
membrane fractions were centrifuged for 20 mm at 35,000g at
4°C. The protein and enzyme activities which did not
sediment after centrifugation at 35,000g were called the
solubilized portion of the brush border fraction. The
investigators observed no significant increase in the amount
of membrane protein solubilized after incubation with DMSO
for 10 mm. Incubation of brush border membranes at 37°C
for 10—60 mm resulted in a release of protein and enzyme
activities into the 35,000g supernatant. On the other hand,
in the absence of DMSO glutamyl transpeptidase was the only
enzyme whose activity was not solubilized to some extent
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after 10 mm but increased after 30 mm. There was no
significant effect on the solubilization of total protein or
enzyme activity during prolonged incubation in the absence
of DMSO. In the presence of DMSO however, for all time
periods, there was a greater release of enzyme activities
than of the total protein in the supernatant fraction. It
was suggested that DMSO causes a greater release of enzyme
activities than total protein since most of the
solubilization occurred in the absence of DMSO. From these
findings it was suggested that DMSO causes little
solubilization of nonenzymatic protein components and a
slight release of intrinsic enzyme activities.
Myelin is a highly ordered macromolecule that composes
the sheath that insulates nerve fibers. The highly ordered
structure of myelin was transformed when treated with DMSO
(Kirschner and Casper, 1975). Becker et al, (1969)
discovered that DMSO concentrations greater than 40% showed
a complete transformation of the myelin structure and
produced a reversible blockage of nerve conduction in vivo.
This correlates with the reversibility of the trans
formation of myelin structure by DMSO. Extended exposure of
myelin to high concentrations of DMSO results in the
irreversible loss of nerve conduction which may be due to
irreversible structural changes within myelin. Based on its
biochemical properties, exposure of myelin to DMSO caused
contraction within the lattice. This occurs because DMSO
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lowers the activity of water thus decreasing the amount of
water in the spaces between the myelin membranes.
Toxicity of DMSO
Some of the controversy about DMSO is due to its
potential toxicity (Rubin, 1975). Caujolle and Caujolle
(1967) reported toxicity of DMSO in mice, rats, rabbits,
dogs and fowl. For each animal model the criteria for
determining the toxic properties of DMSO included: (1) the
maximum dose that was never fatal within a 24 h period
(MDNF, 24 h), (2) the lethal dose50 (LD50) (when 50% of the
animals are dead) for a 24 h period, (3) the minimum dose
always fatal within 24 h (MDAF), (4) time of crisis, (5) the
sublethal dose and (6) the LD50 limit. For each experi
mental model various routes of administration were used.
The routes of administration included intravenous injection
(i.v.), intraperitoneal injection (i.p.), subcutaneous
injection (s.c.) and orally. From their studies a 50%
concentration of DMSO appeared to cause an immediate but
slightly toxic effect. Also they reported that the values
for the different types of toxicity observed varied only
slightly for the modes of administration. Catatony of the
tail (Straub’s reaction), and hypothermia and profuse
lacrimal secretions in the mouse were the most
characteristic symptoms observed after administration of
DMSO. These symptoms only appeared when doses of DMSO
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approached the sublethal level administered by parenteral
injection. Rabbits were given a 40% DMSO solution intrave
nously at a rate of 90 ml/h. The average amount of DMSO
that perfused was 19.2 g/kg body weight. Initially, there
was an acceleration of the heart rate and a slight but rapid
rise in arterial blood pressure (12 mm Hg). As time
progressed the heart rate slowed but the blood pressure
rose appreciably and remained constant. During the injec
tion, the rabbit demonstrated variable intensities of
agitation. This was exhibited by continuous trembling
interrupted by calm periods which lasted 10—20 mm. The
rabbit also displayed brief episodes of violent agitation
which lasted 1—2 mm and a more intense contraction of the
limbs immediately before death. In 50% of the animals it
was observed that the urine was tinged with blood at the end
of perfusion. Toward the end of the injection there was an
emission of fluid feces. However, when dogs were treated
with a 50% solution of DMSO, death occurred only when high
doses from 30—40 g/kg of body weight were given (Caujolle
and Caujolle, 1967).
Chick embryos were treated with a diluted solution of
DMSO (diluted to 50% with 0.9% physiological saline) at 72
and 96 hours of incubation. The MDNF was 1.0 mg DMSO/embryo
for the 72 h embryo; and 2.5 mg DMSO/embryo for the 96 h
embryo; the MDAF was greater than 32.5 mg DMSO/embryo for
the 72 and 96 h embryo. The LD50 was determined to be 10.3
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mg DMSO/embryo for the 72 h chick embryo and 12.2 mg
DMSO/embryo for the 96 h embryo. From these data it
appeared that the toxicity of DMSO toward the embryo was
low.
Worthley and Schott (1969) reported the toxicity of
four concentrations of DMSO. Mice were given intraperi—
toneal injections of 25%, 50%, 75% and 100% DMSO. After the
injections, the mice were placed in polyethylene cubicles
without food and water and observed for 8 h, then trans
ferred to metal—topped cages. Some of the reactions dis
played by the mice included initial discomfort at the site
of administration for mice treated with 75% and 100% DMSO, a
rise in rectal temperature, hypothermia, depression, as dis
played by a decrease in motor activity (movement and
rearing), tremors, lack of limb coordination, flaccid muscle
tone and dyspnea. Immediately before death, the mice lost
the righting reflex, had breathing difficulties, mictrui—
tion, cessation of breathing and heart failure. Once the
righting reflex was lost death followed quickly. With each
dilution there was a decrease in the toxicity of DMSO. Also
the time of death was longer for the lower concentrations.
It was suggested that the lesser toxicity of the more dilute
system was due to repair of potentially lethal interactions,
elimination, metabolic alteration and detoxification of
DMSO. Even though the signs displayed before death for each
mouse treated with DMSO was the same, the severity and
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duration varied. The rise in body temperature that was
observed by itself was not lethal but could contribute to
the change in membrane permeability and absorption of DMSO,
thus enhancing toxicity.
Rhesus monkeys were tested to determine the chronic
toxicity levels of DMSO. They were given oral administra
tion or dermal application of DMSO over an 18—month period
(Vogin et al, 1970). Daily the primates were given a 1, 3
or 9 ml/kg body weight of a 90% solution of DMSO and topical
administration of DMSO covered the entire abdominal area.
After drug administration the animals were restrained in a
supine position for 1 h. to prevent ingestion of the applied
solution. Control animals were given 9.0 mi/kg body weight
of water by both routes administration. The DMSO dosage of
9 mi/kg/day given to the animals was not well tolerated.
The primates that received DMSO topically exhibited scaling
and flaking of the skin in the area where the drug was
administered. Some of the principle signs seen in the
animals that were given doses of 9 ml DMSO/kg body weight
orally were ptyalism and emesis, loss of body weight and
anorexia. When hematologic or biochemical parameters were
evaluated, there were no significant differences found
between the controls and DMSO treated monkeys. From these
studies it was determined that primates can tolerate DMSO
administered daily for 18 months up to 9 ml/kg body weight
dermally or 3 mi/kg body weight orally.
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Teratogenic Effects of DMSO
Ferm (1966a) reported that DMSO had a profound effect
on the embryonic development of the golden hamster. Female
golden hamsters received a single intraperitoneal dose of
F
05 ml of 100% DMSO on the 8th day of gestation. The
embryos were recovered 1, 2 or 3 days later. He observed
that most of the embryocidal effects of DMSO was noted in
litters whose mothers were under llOg of body weight,
indicating a critical dose/response relationship. Those
embryos LhaL survived up Lo 3 days after treatment displayed
various degrees of exencephaly and anencephaly. He con
cluded that the teratogenic action of DMSO must be immediate
since the neural tube is normally closed by day 9 of gesta
tion.
Ferm (1969) reported that when pregnant female hamsters
were injected with 1250 mg DMSO/kg body weight on the 8th
day of pregnancy, monozygous conjoined twinning resulted in
the developing fetuses. The twins displayed some degree of
failure of closure of the anterior neural tube.
Hammerman and Ritterman (1969) studied the effects of
DMSO upon frog tadpole metamorphosis. They reported that
Gudernatsch (1912) and Allen (1918) observed that amphibian
metamorphosis was stimulated by the thyroid hormone,
thyroxin. When a 1% DMSO solution was added to the aquaria
containing Rana clamitans larvae and thyroxin, metamorphosis
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was inhibited. It has been suggested that DMSO may act at
the level of the thyroid gland by reacting with iodine and
prevent its incorporation into thyroxin, thus reducing the
production of the hormone. It was further suggested that
DMSO may inactivate already formed thyroxin molecules at the
iodine sites, thus masking them. Either of these mechanisms
would diminish thyroxin levels thus leading to an inhibition
of metamorphosis.
Ferm (l966b) noted that when hamsters were treated with
2,500, 3,800 or 5,000 mg DMSO/kg body weight on the 8th day
of gestation, developing embryos displayed specific
malformations. As early as the 9th day of gestation a
lesion of the cranial end of the embryo was detected. This
lesion consisted of non—closure of the neural tube. This
lesion also persisted up until the 10th day of gestation.
Other malformations that were noted included cleft lip and
palate, limb abnormalities, rib abnormalities and one case
of conjoined twins. However, the incidence of exencephaly
was by far the most consistent finding.
Marin—Padilla (1966) noted that histological examina
tions of hamster embryos treated with 5500 mg DMSO/kg body
weight exhibited mesodermal alterations at the cephalic
region. However, embryos recovered 10 and 12 h after DMSO
administration revealed severe and acute mesodermal altera
tions; but those recovered after 24 h revealed mesodermal
injury, which consisted of mesodermal collapse and failure
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of closure of the cephalic region. It was also noted that
vascular channels, especially branches of the aortae and the
peripheral capillaries were greatly enlarged, due to the
accumulation of edema fluid. It was suggested that the
mesodermal defects caused by DMSO appeared to be the result
of failure of closure of the cephalic neuroectoderm,
shrinkage of the cell cytoplasm and an increase in the
intercellular space. Although the biochemical actions of
DMSO on the embryonic mesodermal cells leading to the
alteration was apparently unknown, it has been suggested
that the possible accumulation of fluid in the extracellular
space may be due to alterations in cellular permeability.
Caujolle and Caujolle (1967) reported the teratogenic
effects of DMSO in the chick embryo and in mammals. They
observed that when 72 and 96 h chick embryos were exposed to
doses approaching the LD50 (10.3 mg DMSO/embryo and 12.2 mg
DMSO/embryo, respectively) various malformations were noted.
Within the 72 h embryo, the most typical DMSO—induced
malformations were anopthalmia and left torsion of the beak
with reduction of the upper beak. However, embryos treated
at the 96th h usually displayed lesions of the limbs ranging
from ectromelia to hemimelia and brachymelia. It was noted
that DMSO had a more pronounced effect on the distal or
third segment of the leg and wing, the autopod. Also, there
was a reduction in size or the absence of the metatarsus in
embryos displaying limb malformations. It was suggested
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that the origin of these DMSO induced malformations may be
due to a hemolytic action that injures the developing
vascular system, though this may not be the only mechanism
of action. When mice were treated with a 50% DMSO
concentration (5—12g/kg) the types of malformations observed
were anencephalia, malformed limbs and celosomia. Rats that
were treated with DMSO displayed malformations in the
nervous system (anencephalia, microphalia), limbs, jaw, tail
bud, abdominal wall (celosomia) and edema.
Juma and Staples (1967) reported however, that when
rats received subcutaneous injections of 10.25 g DMSO/kg
body weight/day only 2 of the 127 live young obtained were
grossly malformed (slight umbilical hernias). It was
suggested that this low incidence of malformations was due
to an increase in the number of resorptions from the mothers
that were given 3 injections of DMSO and was directly
related to DMSO dosage. However, out of 83 rabbit fetuses
that were treated with 5 g DMSO/kg body weight only one was
found to show celosomia. It was suggested that DMSO is able
to cause some malformations in mammalian fetuses but that
these occur only infrequently. The characteristics of the
malformations observed resembled the lesions observed in
chick embryos.
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Mutagenic Effects of DMSO
Yee et al, (1972) studied the effects of DMSO on yeast
cells. Saccharomyces cerevisiae was grown on YETD medium
(0.5% yeast extract, 1% tryptone, 2% dextrose), pipetted
into YETD containing varying concentration of DMSO (0—10%)
and aerated at 30°C for 24 h. After this period samples
from each culture were removed at 30 mm intervals, plated
on YETD agar and incubated for 48 h. They observed that
cells exposed to DMSO converted to respiratory deficient
“petite” mutants. An increase in the concentration of DMSO
resulted in increasing percentages of petites in the
population. After 24 h, 10% DMSO caused total conversion.
These petite mutants are incapable of growth on aerobic
substrates such as glycerol and lactic acid and have not
been observed to revert back to the respiratory competent
state over 100 generations of growth in the absence of DMSO.
It was suggested that the induction of the mutation required
active metabolism and cell growth. Even though the
mechanism of this induction is unknown, it is clear that
since the mutation is induced in cultures containing 10%
DMSO without lethality and that petites do not revert to the
respiratory competent state indicates that the mutation may
be of a cytoplasmic nature. The investigators also observed
that 10% DMSO severely inhibited the growth of these petite
mutants.
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Kapp and Eventoff (1980) studied the mutagenic effects
of DMSO in vivo. In their study, various concentration (1%,
10%, 50% and 100%) of DMSO at a dose of 5 mi/kg body weight
were administered to male Sprague—Dawley rats for five
consecutive days by intraperitoneal injections (i.p.). On
the sixth day the animals received an i.p. injection of
coichicine at 2 mg/kg of body weight. Two hours later the
animals were sacrificed, the bone marrow aspirated from both
femurs and placed in Hank’s balanced salt solution. After a
series of centrifugations, the cells were placed in a
hyptonic solution followed by fixation in methanol—acetic
acid and cells dropped on clean slides. After air drying,
the slides were stained in Giemsa, mounted and analyzed for
cytogenetic aberration frequencies including chromosome
breaks, chromatid breaks, markers and severely damaged
cells. They observed that the percent of aberrant cells per
animal increases at each dose level and that the incidence
of chromosome breaks was not significantly different between
the control and test groups. In all test groups except the
10% DMSO treatment, the level of chromatid breaks was
significantly elevated, while the incidence of markers
(exchanges, rings and dicentrics), when compared to the
control group, was significantly higher. However, the
number of severely damaged cells was significantly elevated
only in animals administered 100% DMSO. From these studies
investigators concluded that DMSO effectively disrupted the
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integrity of the rat chromosome structure possibly by
destabilizing DNA (Lapeyre and Bekhor, 1974). In vitro
studies conducted by Patterson and Smalls (1981) revealed
that DMSO caused a significant increase in the frequency of
aberrant cells in Chinese hamster ovary (CHO) cell cultures.
When CHO cells were treated with 1—4% DMSO for 24 h or 48 h,
the aberrant cell percentages ranged from 14—27% as compared
to an average of 5% in control cell cultures. However, it
was observed that cells exposed to 3% DMSO for 5—15 h,
contained 9—15% aberrant cells. Cells exposed to 1—4% DM50
for 48 h and maintained in culture for 8 days after removal
of DM50 contained lower aberration frequencies (9—11%) than
in short term cultures. DMSO concentrations above 4% were
cytotoxic.
In 1981, Sass studied the effects of DMSO on the
structure and function of the polytene chromosome of
Chironomus. They observed that the puffing pattern of the
salivary gland chromosomes was altered after larvae had been
exposed to 10% DMSO. It was noted that the most dramatic
changes observed were those in the Balbiani ring (BR)
puffing. The relative Balbiani ring sizes in untreated
cultures were BR2 > BR1> BR3. However, BR3 can be induced
by DMSO to expand, attaining a ring size close to BR2 or
BR1. At the same time BR2 and BR1 decrease in size. They
observed that this stimulation of BR3 and the repression of
BR2 and BR1 was brief. After about the third hour of
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exposure to 10% DMSO the patterns of the rings were again
modified; BR3 was reduced to normal dimensions whereas BR1
and BR2 expanded. These results indicated that due to the
presence of puffs, 10% DMSO can stimulate and repress
specific gene transcription but the mechanism is unknown.
It has been suggested that the DMSO—induced changes in the
sizes of the Balbiani rings (and other puffs) may be
determined by hormones and other factors.
Differentiation Studies
DiftereuLidLioll of cells is a very complex phenomenon.
It is regulated by a complex set of mechanisms controlling
each step which leads to the formation of a mature
terminally differentiated cell. Immature or undifferenti
ated cells usually divide, giving rise to a progeny that
differentiates along specific pathways. Once a cell has
become terminally differentiated ,it ceases to divide. It
is believed that terminally differentiated cells send back
regulatory signals to the stem cell to halt further division
(Friend and Freeman, 1978). Cells that fail to differen
tiate may give rise to populations of immature cells that
are not governed by the controlling factors of
differentiation, which may lead to the rapid and self—
perpetuating activity characteristic of malignant disease
(Friend and Freeman, 1978).
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In 1971, Friend et al, described the effects of DMSO on
differentiation of established cell lines of murine virus—
induced erythroleukemia cells (MELC). They observed that
cells grown in media containing 0.5 or 1% DMSO divided at
the same rate as the control cultures but when the DMSO
concentration was increased to 2%, there was a lag in the
growth rate during the first 48 h. However, by the 96th h,
the number of leukemic cells equaled that of the controls.
Also it was noted that when cells were grown in the presence
of 1—2% DMSO for 4—5 days, 90% of the cells were induced to
differentiate along the erythroid pathway. These cells were
stimulated to the normoblast level. When these cells were
tested for malignancy it was observed that leukemic cells
that were induced to differentiate to the normoblast level
lost their malignancy. Exposure of the cells to DMSO for 1
h followed by a transfer to DMSO—free medium triggered the
synthesis of hemoglobin. It was suggested that DMSO may
stimulate differentiation either directly or indirectly by
affecting synthesis of nucleic acids and proteins (Gehards
and Gidian, 1967). However, Friend et al, (1966) noted that
the series of changes that occurred in these leukemic cells
were similar to changes during red cell maturation. They
observed that the chromatin of leukemic cells that was stim
ulated to differentiate, condensed and cell division ceased.
This indicated that DMSO may be affecting differentiation by
interacting with the chromatin. In addition to stimulation
40
of leukemic cells to differentiate along the erythroid
pathway, DMSO was found to induce differentiation in human
lung cells (Trakia and Rabson, 1976) and mouse neuroblastoma
cells in vitro (Furmanski and Lubin, 1972).
Nishioka and Silverstein (1978) studied the effects of
DMSO on protein synthesis in MELC during their erythroid
differentiation. They observed that after exposure to DMSO
there was a profound decrease in the rate of cell division
accompanied by changes in the rate of protein synthesis.
This decrease in cell division was affected more than the
rate of protein synthesis, reflecting the active synthesis
of hemoglobin in induced cells. To determine the basis for
the decreased rate of protein synthesis, the distribution of
ribosomes in cells maintained at a constant cell density as
a function of time post—exposure to DMSO was analyzed. It
was observed that the number of polyribosomes in
differentiating cells decreased as would be expected for
cells that had a decrease in protein synthesis. Bilello et
al, (1979) also studied the effects of DMSO on protein
synthesis in erythroleukemia cells. He observed that there
was a rapid reversible inhibition of cellular protein
synthesis accompanied by the complete breakdown of
polyribosomes. Also there was a substantial decrease in the
percentage of mRNA associated ribosomes. It was suggested
that DMSO inhibited protein synthesis at the level of
initiation.
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Various investigators have studied the effects of DMSO
on the morphology of Friend erythroleukemia cells (Sato et
al, 1971; Sato et al, 1979; Lyman et al, 1976). Sato et al,
(1971) observed three remarkable changes in the morphology
of these treated cells with the use of electron microscopy:
(1) that even though the total number of free ribosomes
decreased, many of the ones remaining displayed organization
patterns similar to differentiating erythroblasts, (2) a
large percentage of the cells contained complex vacuolar
structures that were located close to the Golgi apparati and
participated in virus budding, and (3) an increase in the
number of budding viruses was observed at the surface of the
treated cells. It was suggested that the increased number
of viruses budding from the cells did not necessarily
indicate an increase in virus production but may be a
reflection of some type of inhibition in the process of
virus assembly or release triggered by DMSO.
Lyman et al, (1976) reported that DMSO produces an
increase in the phase transition temperature of phospholipid
membranes, indicating an increased stability. They sug
gested that even though the direct effect of DMSO on
transcription cannot be ruled out, the interaction of DMSO
with the cell membrane may play an important role in the
stimulation of murine—virus induced leukemia cells. On the
other hand, Sato et al, (1979) studied the effects of DMSO
on early membrane events in erythroid leukemic cells. They
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observed that the cell’s electrophoretic mobility decreased
by 18% within 30 mm of treatment with 1.5% dimethyl
sulfoxide. This reduced mobility persisted for 5 days of
incubation with DMSO. Longer exposure of cells to DMSO
resulted in the loss of recovery of mobility. Measurement
of the electro—phoretic mobility after removal of acidic
sugar suggested that hyaluronidase sensitive negative
charges were lost from the cell surface. These results
suggested that the decrease in the cell surface glycocalyx
may be an early step in the induction erythroleukemic cells.
The mechanism by which DMSO induces differentiation is
still unclear. Preisler et al, (1973) suggested that DMSO
induces differentiation by decreasing the binding of a
repressor protein to the portion of the genome containing
information necessary for differentiation. Travers (1974)
demonstrated that the rate of RNA synthesis in a cell free
system was stimulated by DMSO. It was suggested that this
stimulation was the result of a direct effect of DMSO on the
DNA template. Scher and Friend (1978) studied the effect of
DMSO on the DNA of Friend erythroleukemic cells. In order
to determine whether DMSO was responsible for DNA damage,
[3H]—thymidine labeled DNA from treated and untreated cells
were compared on an alkaline sucrose gradient. They
observed that the treatment of erythroleukemic cells with
DMSO led to measurable changes in the sedimentation of the
DNA, which was consistent with the accumulation of single
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strand (ss) breaks within the nucleic acid. Increasing
doses of DMSO led to increasing damage in the DNA. Since
the results reported indicated that there were increased
amounts of ss DNA produced when cells were exposed to DMSO,
the amounts of this material varied from experiment to
experiment. To improve on the reproducibility of the assays
for DNA breaks, folded genomes were used. Cells from
Drosophilia melonogaster were prelabeled for 15 h. The
control cells were prelabeled with [~-4C]—thymidine and DMSO
treated cultures were prelabeled with [3H]—thymidine and
vice versa and placed on neutral sucrose gradient. It was
observed that there was a shift in the peak corresponding to
the DMSO treated genomes to a lower sedimentation value,
confirming the DNA alteration noted on the alkaline sucrose
gradients. Therefore, they suggested that single—stranded
coio~ion in DNA may be an early step in the control of
differentiation. Terada et al, (1978) found similar results
in their studies when they analyzed DNA from DMSO treated
Friend erythroleukemic cells. As previously stated, Lapeyre
and Bekhor (1974) showed that DMSO induces chromatin
relaxation by destabilizing protein DNA interactions.
However, Reboulleau and Shapiro (1983), Reboulleau et al,
(1983) and Panatazis et al, (1981) reported conflicting
information as to the effects of DMSO on the DNA of
differentiating murine erythroleukemic cells. They observed
that the induction of differentiation of erythroleukemic
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cells by DMSO does not involve DNA ss breaks. Reboulleau et
al, (1983) indicated that the induction of differentiation
may involve conformational changes of the chromatin that
could be mediated by certain postsynthetic modifications of
its constituent molecules. In their studies they observed
that chromatin from dimethyl sulfoxide—treated cells
exhibited different circular dichroic spectra from that of
non—induced controls. The molar ellipticity in isotonic
saline decreased from 49,000 deg—cm2 dmol~ for control
chromatin to 3800 for DMSO treated ehormatin. They also
reported that thermal denaturation profiles of high
molecular weight DNA prepared from the DMSO—treated cells
showed a pronounced hyperchromic shift but no change in the
melting temperature (Tm) when the DNA was compared with
controls. It was suggested that these measurements
indicated an increase in base stacking or an increase in the
compactness of the DNA in induced cells. It was also
suggested, based on the changes in the physical
characteristics of the chromatin, that cell differentiation
may involve several types of postsynthetic modifications of
the primary structure involving histone acetylation, DNA and




Chick limb mesenchymal cells are able to differentiate
in vitro when cultured at high cell densities (5 X 106 cells
per 35mm culture dish) (Caplan, 1970). In high density
cultures derived from embryos of stage 23—25, cartilage is
the predominant tissue to differentiate (Caplan, 1970).
However, at lower densities (less than 5 X 106 cells per 35
mm culture dish) these cells fail to produce cartilage and
take on a fibroblastic appearance (Ahrens et al, 1977). It
has been reported that cells at high density undergo
movement, form aggregates and interact with each other
(Caplan, 1970; Ahrens et al, 1977; Ahrens et al, 1979;
Solursh et al, 1981). During the first day of culture,
these mesenchymal cells form discrete areas within the
culture dish which are referred to as aggregates (Ahrens et
al, 1977). These aggregates then become more numerous,
larger and more distinct by day 2 (Ahrens et al, 1977;
Ahrens et al, 1979; Solursh et al, 1981). By day 3, the
aggregates have undergone cartilage differentiation and are
referred to as nodules (Ahrens et al, 1977; Ahrens et al,
1979; Solursh et al, 1981; Solursh and Reiter, 1980). With
time in culture, the size of each nodule increases until
neighboring nodules coalesce (Ahrens et al, 1977). When
these cultures are stained with Alcian blue or Toluidine
blue the nodules stain metachromatically indicating that the
nodules contain a differentiated cartilage matrix (Ahrens et
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al, 1977; Parker et al, 1980). The matrix that surrounds
the cells pushes the cells away from each other such that
the high cell density is no longer maintained (Ahrens et al,
1977). Also, within each cartilage nodule, the cells appear
more spherical than cells in the non—aggregating regions
(Ahrens et al, 1977). Archer et al, (1982) reported that
the rounded cellular configuration was necessary to obtain
the secretion of cartilage matrix.
Mesenchymal cells from different stages of development
do not have the same cartilage forming abilities (Solursh et
al, 1981). Cells from the limb buds of chick embryos from
stages 20 to 24 have the ability to differentiate and
produce cartilage in culture (Ahrens et al, 1977; Solursh et
al, 1981; Solursh and Reiter, 1980). However, cells
cultured from stages 17—19 form aggregates but do not
differentiate into cartilage nodules (Solursh et al, 1981;
Ahrens et al, 1977; Solursh and Reiter, 1980; Solursh et al,
1979). It has been suggested that cells from stages 17—19
may not have acquired the ability to interact with each
other as with cells from later stages (Solursh and Reiter,
1980). Solursh et al, (1979) reported that in cell cultures
prepared from stages 20—24, there was a significant increase
in the levels of cAMP from day 1 to day 2. However, in
cultures prepared from chick embryos from stages 17—19, the
levels of cAMP remained low. It was suggested that the low
levels of cAMP may prevent these cells from interacting,
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which influences the synthesis and accumulation of
extracellular cartilage matrix (Ahrens et al, 1977; Solursh
et al, 1979; Solursh and Reiter, 1980).
To enhance the chondrogenic expression in vitro, the
culture media must contain sufficient nutrients to support
these cells in culture. It was reported that Eagles’
Minimal Essential Media (MEM) was the best media for these
cells. However, this alone was not sufficient to sustain
these cells in culture. When the media was supplemented
with 5% 10—day—old embryo extract, 7% horse serum and 3%
fetal calf serum, this provided the best environment to
obtain cartilage (Finch et al, 1978).
The differentiated state of chondrocytes is
characterized by the synthesis and secretion of Type II
collagen and chondromucoproteins rich in the acid poiy—
saccharide chondroitin sulfate, which makes up the extra—
cellular matrix. In the differentiated state, that is, the
presence of extracellular matrix, each cell is completely
surrounded by the matrix and totally isolated from contact
with other cells (Ham and Veomett, 1980; Hewitt and Varner,
1983; Hardingham, 1981; Vasan and Lamb, 1983). As a marker
for terminal differentiation of chondrocytes, the incorpora
tion of radioactive sulfate into the matrix (Kampen and
Veldhuijzen, 1982) and specific stains (Parker et al, 1978;
Parker et al, 1980) can be used. The synthesis of Type II
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collagen is also a highly specific marker for cartilage
differentiation (Ham and Veomett, 1980).
Pacifici and Holtzer (1977) reported that the tumor
promoting agent, phorbol—12—myristate 12—acetate (PMA) has a
profound effect on chondroblasts in vitro. They observed
that chondroblasts grown in the presence of PMA rapidly lost
their polygonal morphology and assumed a fibroblastic
multilayered morphology. They also noted that these cells
ceased to synthesize and/or accumulate the cartilage—unique
Type IV sulfated proteoglycans, which was determined by the
absence of the metachromatic matrix when stained with
Toluidine blue.
Parker et al, (1978) showed that freshly plated chick
embryo limb mesoderm cells exposed to Cytochalasin B (CB)
during the first or second 24 h undergo chondrogenesis after
the chemical is removed. However, an initial 48 h treatment
of freshly plated chick embryo limb cells with CB resulted
in irreversible inhibition of chondrogenesis. Also, if the
cells were allowed to grow for 48 h, the amount of matrix
that was observed was essentially the same as the controls.
If, however, the initial 48 h culture period is followed by
a 48 h or 72 h treatment, chondrogenesis is reduced, but not
to the extent as that seen in cultures treated with CB the
first 48 or 72 h. When cells were labeled with [3H]—
leucine, it was found that CB reduced protein synthesis by
55% but, following removal of the drug, protein synthesis
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returned to control levels within 48 h. On the other hand,
the investigators found that CB inhibited the uptake of
hexose by using [3H1—2—deoxyglucose to measure hexose
transport. It was found that this inhibition could be
reversed by the removal of the drug.
Parker et al, (1980) also studied the chondrogenic
process in vitro using mouse serum. They found that a 10%
concentration of mouse serum inhibited the formation of the
extracellular matrix, a marker for differentiation. They
noted that this inhibitory effect of mouse serum was not due
to a toxic effect on protein synthesis or the ability of the
cells to incorporate [3H1 D—glucosamine. However, there was
a significant increase in the distribution of labeled
glucosamine which was found to be secreted into the medium.
It was noted that mouse serum treated cells contained a
higher triglyceride content when compared to controls.
However, it was suggested that the increase of triglycerides
in mouse serum treated cells may play a role in modulating
the expression of the chondrocyte phenotype.
Many investigators have studied the effects of vitamin
A on cultured mesenchymal cells in vitro and the intact limb
bud in ovo (Hassell et al, 1978a, 1978b; Pacifici et al,
1980; Kochhar et al, 1984; Zimmermann and Tsambaos, 1985;
Eichele et al, 1985). Hassell et al, (l978a, l978b) and
Lewis et al, (1978) reported that chick limb bud mesenchymal
cells cultured in vitro and treated with vitamin A were
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inhibited from differentiating into cartilage producing
cells. They also found that as differentiation of
mesenchymal cells occurred in the controls, there was the
loss of a 240,000—MW cell surface protein and the appearance
of an 80,000—MW surface protein. However, in the vitamin A
treated cultures, the 240,000—MW protein was retained but
the appearance of the 80,000 MM protein was retarded.
Treatment with vitamin A caused the cells to become more
flattened as early as 4 h after treatment. The control
cultures, on the other hand, appeared rounded. After 4 days
in culture with vitamin A, the cells remained mesenchymal in
appearance and were tightly packed with no production of
extracellular matrix. Although the mechanism by which
vitamin A inhibits chondrogenesis is unknown, it has been
suggested that since vitamin A may function as a lipid
intermediate in glycoprotein synthesis, it may act to alter
the glycosylation of a specific cell surface protein that is
essential in the differentiation of mesenchymal cells into
chondrocytes (Hassell et al, 1978a, 1978b; Lewis et al,
1978).
It has been reported that hyaluronic acid (HA) plays a
significant role in cell—cell interactions which is required
for chondrogenesis to take place (Toole et al, 1977).
Kochhar et al, (1984) reported that cultures treated with
vitamin A released twice the amount of labeled HA into the
culture medium when compared with untreated cultures. It
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was suggested that the presence of HA may play a role in the
inhibition of mesenchymal cell differentiation. In support
of this, Toole (1972) reported that HA significantly
inhibited the chondrogenesis process in cell cultures when
plated at a high cell density. However, Finch et al, (1978)
reported that there was a lack of an inhibitory effect of HA
on chondrogenesis in chick limb bud cells grown in vitro.
They reported that since the mesenchymal cells were grown in
medium that supported chondrogenesis and that cells were
grown at confluency and taken from various embryonic stages,
the inhibition that Toole (1972) reported was likely due to
growth medium, embryonic stages used and the lack of a
confluent cell density.
Fibronectin, a major cell surface protein, is believed
to be involved in cell attachment, cell movement and cell—
cell interactions (Pennypacker et al, 1979; Swalla and
Solursh, 1984). It has been reported that as cultured
mesenchymal cells differentiate, they lose the capacity to
synthesize fibronectin (Lewis et al, 1978). Pennypacker et
al, (1979) and Swalla and Solursh (1984) reported that the
addition of exogenous fibronectin to mesenchymal cultures
inhibited the differentiation of these cells into cartilage
producing cells. It has been suggested that since the
presence of fibronectin causes the cells to flatten in
culture, this change in morphology may alter the chondro—
genic expression in vitro (Archer et al, 1982).
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DMSO has been reported to play a significant role in
differentiation and development. It is capable of stimu
lating erythroleukemic cells to differentiate as well as
inducing malformations to the limb of developing chick
embryos (Friend et al, 1971; Caujolle and Caujolle, 1967).
For this reason, it was proposed that chick limb mesenchymal
cells be studied to determine the possible mechanism(s) of
action of DMSO involved in inducing chick limb
malformations. The significance of these studies is that
the results generated from this research will add to and
improve our knowledge and understanding of the possible
relationships between the effects of DMSO on the
differentiation of chick limb mesenchymal cells in vitro and
the effects of DMSO on limb development in vivo. Also,
these studies will provide information needed to establish a
developmental model to examine the underlying mechanisms of
abnormal limb development and birth defects.
CHAPTER III
MATERIALS AND METHODS
Mater i a is
Fertile eggs from White Leghorn chickens were obtained
from Haley Farms, Inc., Canton, Georgia. The eggs were
incubated in a Thelco Model 6M incubator purchased from
Precision Scientific, Chicago, Illinois. Primary cell cul
tures of chondrocytes were maintained and grown in Fal—con
tissue culture dishes (35mm) from VWR Scientific, Inc.,
Atlanta, Georgia. Fetal bovine serum (FBS), horse
serum, Eagles’ Minimum Essential Medium (MEM), Tyrodes,
Colcemid, Trypsin—EDTA, distilled water, Dulbecco’s Phos
phate Buffered Saline and Puck’s Saline G were purchased
from Grand Island Biological Company, Grand Island, New
York. Nylon (Nitex), pore size 20Mm was purchased from
Tetko, Elmsford, N.Y. Dimethyl sulfoxide (DMSO) 99.99%
Spectrophotometric grade was purchased from Aldrich Chemical
Co., Inc., Milwaukee, Wisconsin. Citric Acid, penicillin—G,
streptomycin sulfate, folin—Ciocalteu phenol, cetylpyridi—
nium chloride, formic acid, formic acid (sodium salt), pa—
pain, N—acetyl—L--cysteine, chondroitin sulfate, sodium azide
and cacodylic acid were obtained from Sigma Chemical Co.,
St. Louis, Missouri. Methanol, acetic acid, frosted micro
scope slides, microcover slips and disposable pasteur
pipets were purchased from VWR Scientific, Inc.,
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Atlanta, Georgia. Blood Giemsa stain was purchased from
Carolina Biological Supply Co., Burlington, North Carolina.
Gurr’s Giemsa was purchased from Bio/Medical Speciali
ties, Santa Monica, California. Permount, Toluidine blue
0, sodium carbonate, sodium chloride, sodium phosphate
dibasic, sodium phosphate monobasic, sodium potassium tar—
trate, sodium hydroxide, 10% formalin, Scintiverse and
trichioroacetic acid were obtained from Fisher Scientific
Co., Fair Lawn, New Jersey. Methyl salicylate, xylene and
acetone were purchased from J. T. Baker Chemical Co.,
Phillipsburg, New Jersey. Ethylenedinitrilotetraacetic
acid was obtained from Mallinckrodt, St. Louis, Missouri.
Tritium—labelled leucine, thymidine, glucosamine and 35S—la—
belled sodium sulfate were purchased from New England Nu
clear, Boston, Massachusetts. Dimethyl (1,9) methylene blue
was obtained from CTC Organics, Atlanta, Georgia. Rabbit
anti—serum to chicken actin, FITC anti—goat IgG (H+L) and
FITC anti—rabbit IgG (H+L) were purchased from Miles Scien
tific, Naperville, Illinois. Goat anti—serum to fibronectin
was obtained from Calbiochem-Behring, San Diego, California.
Lead nitrate, glutaraldehyde, lead citrate, osmium te—
troxide, paraformaldehyde, Spurr’s embedding kit, #300 mesh
copper grids and uranyl acetate were purchased from Elec
tron Microscopy Sciences, Gibbstown, New Jersey. Microliter
pipets were obtained from Oxford Laboratory, Inc., Foster
City, California. Blood collecting capillary tubes (75mm)
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were purchased from Clay Adams Co., Parsippany, New Jersey.
A slide warmer was obtained from Chicago Surgical and Elec
trical Co., Chicago, Illinois. A table top centrifuge
(Model HN—Sll) was purchased from VWR Scientific,
Inc., Atlanta, Georgia. An incubator (Model 3301) was
obtained from National Appliance Co., Portland, Oregon.
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Methods
Preparation of Limb Mesenchyme Micromass Cultures
Fertile white Leghorn chicken eggs were incubated for
72 h at 37°C in a humidified Petersime egg incubator
which automatically rotates the eggs every two hours. The
eggs were removed from the incubator and candled to deter
mined the fertility and the position of the embryo. The
pointed ends of the eggs were swabbed with 5% iodine in 95%
alcohol to clean and sterilize the area. A small hole was
drilled above the center of the pointed ends of the eggs.
The holes were swabbed with 70% alcohol to remove the shell
dust and sterilize the area. A 10 ml syringe was inserted
in the holes of each egg and 2 ml of albumin were removed so
that the embryos would drop away from the shell. This was
done so that the emhryo would not be damaged during
windowing. Small windows were cut in the top of the eggs
over the area that was marked indicating the position of the
embryo. Using forceps, the windows were removed and
Scotch-brand tape was placed over the windowed area. The
eggs were then placed in a upright humidified incubator at
37°C for an additional 48 h.
The embryos were removed from the shell and placed
in sterile glass dishes containing Tyrodes balanced salt
solution. The limb buds were removed from the embryo at
their junction with the lateral body wall using iridectomy
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knives and scissors, The limbs were pooled, washed in
fresh Tyrodes then transferred to a sterile plastic
tube containing 1 ml of 0.25% trypsin with 0.1% ethylenedi—
amine tetraacetic acid (EDTA) in 0.9% saline. The test
tube containing the limbs was placed in a water bath at
37°C for 30 mm.
After trypsinization, the cells were vortexed to form
a single cell suspension. Two milliters of complete Eagles
MEM [7% horse serum, 5% 10 day—old embryo extract, 3% fetal
bovine serum, penicillin (100 units/mi), fungizone (1.25
ug/ml) and ~treptomycin (100 ug/ml)] were added to the cell
suspension to inactivate the trypsin. The cell suspension
was vortexed, poured through a sterile #20 Nitex nylon fil
ter and centrifuged for 5 mm at 1000 rpm.
The cell density of the suspension was determined using
a hemacytometer. After the cell suspension was adjusted to
contain approximately 2.5 x 106 cells/mi, 0.2 ml of the sus
pension was placed in the center of 35mm plastic tissue cul
ture dishes. The cells were incubated for 1 1/2 — 2 h to
allow the cells to attach to the substratum. Afterwards,
1.8 mls of complete MEM was added to each culture dish. For
some of the studies, culture dishes were inoculated with 5 x
io6 cells in 2 ml of complete medium. After a 24 h plating
period, the cultures were treated with various concentra
tions of DMSO, unless otherwise noted. The cultures were
then incubated at 37°C in 5% Co2 and 95% air.
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Chondrogenic Studies
In these studies, various treatment periods and plating
times were used to determine if DMSO had any effect on chon—
drogenesis in vitro, as well as determine the specific time
that these effects could be detected.
Initial Treatment and Plating Periods
At the time of initial plating, the cultures were
flooded with complete medium containing 10—40 mg DMSO/ml.
The cultures were incubated with the drug for 24, 48, and 72
h. After each time period, the drug was removed, cultures
washed with 0.9% saline and medium without DMSO added. The
cultures were then maintained up to 7 days to determine
their ability to differentiate.
In some experiments, cell cultures were allowed to
plate for 24, 48 and 72 h followed by treatment with DMSO
(10—40 mg/mi of medium). These cultures were also main
tained up to 7 days then fixed and stained for cartilage
production.
Histological Staining for Cartilage
The production of cartilage was determined by staining
the extracellular matrix with Toluidine blue. After the
cells were exposed to the chemical and allowed to incubate
for 7 days, the old medium was removed and the cultures were
washed three times with 0.9% saline. The cultures were
fixed with 10% Bouin’s solution for 30 mm and stained with
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with 1% Toluidine blue for 2 mm. Afterwards, the cultures
were rinsed with 2 ml of saturated lithium carbonate solu
tion to remove the yellow color of the picric acid in the
Bouin’s solution. After drying, the cultures were examined
for cartilage production.
Cytogenetic Analysis
Chromosome Analysis in vivo
According to the methods of Bloom (1978), fertile White
Leghorn chicken eggs were incubated for 96 h. The blunt
ends of the eggs were swabbed with 5% iodine in 95% alcohol
and a small hole was drilled into the shell. Using an Ep—
pendorf micropipetter, 1—5 mg of DMSO was delivered to the
inner shell membrane (ISM), the hole was sealed with tape
and the eggs incubated for an additional 24 h. Two—and—one—
half hours prior to sacrifice, 10 ul (10 ug/ml) of colcemid
were applied to the ISM to arrest dividing cells at
metaphase. The embryos were removed from the shell and
placed in 1% sodium citrate (hypotonic) for 45 mm at room
temperature. The embryos were fixed by placing them in
ethanol: acetic acid (3:1) for 4 h. Afterwards, the limbs
were removed from the embryos using iridectomy knives and
placed in a petri dish containing 50% acetic acid. The tis
sue was minced gently to form a cell suspension and with the
use of a capillary tube equipped with a rubber bulb, the
cell suspension was withdrawn and expelled onto slides
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heated at 50°C. Quickly, the cell suspension was partially
withdrawn back into the capillary tube leaving a ring of
cells on the slides. The slides were stained with 10%
Giemsa prepared in 0.01 M phosphate buffer pH 6.8 for 15
mm. The slides were rinsed with distilled water, air
dried, mounLed in Permount and 100 metaphase cells were
scored for chromosome aberrations.
Morphological Studies of Cultured Chondroblasts
Phase Contrast
Cell cultures were prepared and treated as previously
described. After each time period, the cultures were re
moved from the incubator and viewed through an Olympus in
verted phase microscope and photographed.
Scanning Electron Microscopy (SEM)
The cultures were prepared and treated with 20—40 mg
DMSO/ml of medium for 24, 48 and 72 h. After each treatment
period the cultures were prepared for SEM observations. The
cultures were washed three times with Puck’s Saline G then
fixed for 30 mm with 2.5% glutaraldehyde in 0.5 M cacody—
late made in Puck’s Saline G. Afterwards, the cells were
washed three times in Puck’s Saline G and post—fixed in a 1%
osmium tetroxide solution which was prepared in 0.3 M ca—
codylate buffer, pH 7.4 for 10 mm. The cultures were
washed 5 times with distilled H20 for 1 h. Using a warmed
cork borer, samples were punched out of the culture dishes.
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The samples were dehydrated through a series of ethanol so
lutions (30%—l00%), critical point dried, coated with gold—
palladium and examined under the ETEX (Perkin—Elmer) scan
ning electron microscope and photograhped.
Transmission Electron Microscopy (TEM)
After the cells were treated for 24, 48 and 72 h as de
scribed above, they were washed three times in Tyrode’s bal
anced salt solution. The cells were scraped from the cul
ture dishes in Tyrodes then placed in 15 ml centrifuge tubes
and centrifuged to form a pellet. To the pellet glu—
taraldehyde (GA) (2.5%) in 0.1 M cacodylate buffer was added
for 30 mm. The GA was removed and the pellet was washed
five times with 0.1 M cacodylate buffer for 1 h. The cell
pellet was exposed to 2% osmium tetroxide for 2 h, washed
for 1 h, then placed in 0.5% uranyl acetate overnight. The
cells were centrifuged and the pellet washed twice with dis
tilled water. The cells were dehydrated by treating the
pellet with 30%—95% ethanol and 100% acetone. Infiltration
was carried out using a 1:1 mixture of acetone and Spurr’s
embedding medium overnight. The infiltration medium was re
moved and the tissue was embedded in Spurr’s medium in Beem
capsules. After drying in an oven at 60°C for 20 h, the
blocks were trimmed and sectioned. The sections obtained
were placed on grids, stained with uranyl acetate and lead
citrate, then photographed under an Hitachi 300 electron
microscope.
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Measurement of Total Cell Number and Cell Viability
To determine if DMSO interferred with cell attachment,
a cell count was performed after the cells were exposed to
30—40 mg DMSO/ml of medium for 24, 48 and 72 h. After each
exposure time, the cell cultures were washed three times
with Tyrode’s and the cell layer was trypsinized by adding 1
ml of a 0.25% trypsin solution to detach the cells from the
culture dish. The cells were resuspended in Tyrode’s,
placed in conical centrifuge tubes and centrifuged at 1000
rpm for 5 mm. The cell pellet was resuspended in 3 ml of
Tyrode’s and an aliquot of this suspension was mixed with
Trypan blue in a test tube. After 5 mm, an aliquot of the
suspension was added to a hemocytometer. The cells were
counted in 10 large squares of the two chambers of the hemo—




After the cells were treated with 30 and 40 mg DMSO/ml
of medium for 24, 48 and 72 h, the cell cultures were pulse—
labeled for 3 h with 1 uCi/mi of [3H]—thymidine (Sp.
Act. 110 Ci/mMol) to measure DNA synthesis. At the end of
the labelling period, the cultures were washed three times
in cold 0.9% physiological saline. The protein was
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precipitated with 10% TCA then scraped from the culture
dishes with a rubber policeman, placed in centrifuge tubes
and stored overnight at 400C. The precipitate was pelleted
by centrifugation and the pellet washed three times with 5%
TCA. The pellets were solubilized in 1 ml of iN NaOH and
aliquots of the soluhilized material were used for protein
determination by the Lowry method (1951) using bovine serum
albumin as a standard. An aliquot (0.1 ml) of the material
was added to 10 ml of Scintiverse, neutralized with acetic
acid and counted in a Beckman 7000 liquid scintillation
counter. The results were expressed as cpm/mg protein.
Leucine Studies
To measure protein synthesis, the cells were pulsed for
3 h with 5 uCi/mi of [3H}—leucine (Sp. Act. 59.2 Ci/mMol)
after each treatment period as described above. After the
labelling period, the cultures were washed with cold physio
logical saline (0.9%) and TCA precipitated as stated above.
Aliquots were used for scintillation counting and protein
determination. The results were expressed as cpm/mg pro
tein.
Glucosamine Studies
To determine hexose utilization by the cells, the cells
were pulsed for 5 h with 5 uCi/ml of [3H]—glucosamine (Sp.
Act. 40 Ci/mMol) after each treatment period. The cultures
were washed with cold physiological saline (0.9%) and the
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protein precipitated with 10% TCA as stated above. Aliquots
were taken for protein determination and scintillation
counting. The results were expressed as cpm/mg protein.
[35S] Sodium Sulfate Studies
Cell cultures were prepared as previously stated. The
cultures were treated with 30 and 40 mg DMSO/ml of medium
for 24, 48 and 72 h. The synthesis of sulfated glycosamina—
glycans (GAG) was measured by determining the incorporation
of [35SJ—sulfate and cetylpyridinium chloride precipitable
GAGS. The cell cultures were pulsed for 5 h in 2 ml of
medium containing 5 uCi Na235SO4/ml (Sp. Act. 50 mCi/mMol).
The medium was decanted and the cell cultures scraped from
the culture dish using a rubber policemen. The cells were
homogenized and aliquots used for protein determination as
previously described and [35S1—sulfate measurements. For
[35S]—sulfate determination, a modified procedure of Kampen
and Veldhuijzen (1982) was used. The homogenate was centri
fuged at 1000 rpm for 5 mm to form a cell pellet. The pel
let was digested with freshly prepared papain (300 ug/ml)
for 16 h at 60°C. Cetylpyridinium chloride (CPC) (10%; 0.5
ml) was added to the digests and allowed to precipitate
GAGS at room temperature. After 24 h, the precipitate was
washed three times with 0.1% CPC. The precipitate was dis
solved in 0.5 ml of formic acid (26N) and aliquots used for
65
scintillation counting. The results were expressed as
cpm/mg protein.
Estimation of Total DNA Content
Extraction Procedure:
Cell cultures were treated with 30 and 40 mg/mi of DM50
for 24, 48 and 72 h. The cell layers were scraped in Ty—
rode’s and placed in conical centrifuge tubes. The cells
were centrifuged and the pellets washed three times with Ty—
rode’s. Cold perchloric acid (0.5N; 2.5 ml) was added to
the test tubes containing the cell pellets and the test
tubes were placed in a water bath for 20 mm at 90°C to hy
drolyze the DNA. At the end of 20 mm the test tubes were
removed from the water bath and allowed to cool to room tem
perature. The test tubes were centrifuged to settle the
pellet and 1.0 ml aliquots of the supernatant were placed
into each of two duplicate tubes.
Analytical Procedure:
Standard curve: Calf thymus DNA was used as the stan
dard. A 2 ml volume of stock DNA (300 ug/mi) was placed in
a centrifuge tube and an equal volume of 1 N perchioric acid
was added. The test tube was placed in a water bath at 90°C
for 20 mm. Afterwards, duplicate standards of 6, 12, 18,
24, 30, 36, 42, 48, 54 and 60 ug of DNA per tube were pre
pared by adding 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14,
0.16, 0.18, and 0.20 ml of the DNA standard. Perchloric
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acid was added to obtain a final volume of 1 ml. A standard
blank was prepared by adding 1.0 ml of 0.5N perchioric acid
to a test tube.
To the blank, the standards and tissue extracts, 2 ml
of Burton’s reagent was added and the samples were left at
room temperature for 16 h. At the end of this period the
samples were read in a spectrophotometer at 600 nm and the
amount of DNA present in the tissue samples was determined
from a standard curve. The results were expressed as ug
DNA/culture dish.
Estimation of Total Protein Content
Cell cultures were prepared and treated as previously
described. After each treatment period, the cell cultures
were washed three times with cold 0.95 saline. The protein
was precipitated with cold 10% TCA. The precipitate that
formed was scraped from the culture dishes and placed in
centrifuge tubes overnight at 4°C. The precipitate was
washed three times with 5% TCA, solubilized in lN NaOH at
37°C for 1 h and aliquots taken for the protein assay using
the Lowry Method (1951). The remaining solution -was neu
tralized with iN HC1 and precipitated with 10% TCA. DNA was
extracted and quantitated from the precipitate as previously
described and the results expressed as ug protein/ug DNA.
67
Spectrophotometric Microassay for Total
Glycosaminoglycan Content
Cell cultures were prepared and treated with 30 and 40
mg/mi of DM50 for 24, 48 and 72 h as previously stated.
After each time period, the control and treated cells were
scraped from the culture dishes into 0.9% saline and homoge
nized. Aliquots were used for protein determination as pre
viously described. For GAG determination, aliquots of the
homogenate were digested for 1 h at 65°C with 300 ug/mi of
papain in 50 mM phospate buffer (pH 6.5) containing 2mM N—
acetyl cysteine and 2mM EDTA. Afterwards, 250 ul of the
sample solutions were pipetted into 10 ml polystrene tubes
and with good mixing 2.5 ml of 1, 9 dimethylmethylene blue
was added from an automatic dispenser. The absorbance was
read immediately at 535 nm. A standard curve was prepared
using whale chondroitin—4—sulfate (WCS) as a standard. From
a stock volume of the standard (0.1 mg/mi), duplicate stan
dards of 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 ug of
WCS per tube were prepared by adding 0.02, 0.04, 0.06, 0.08,
0.1, 0.12, 0.14, 0.16, 0.18, 0.20, 0.22 and 0.24 ml of the
WCS standard. Phosphate buffer (50 mM) containing 2 mM N—
acetyl cysteine and 2mM EDTA was added to each tube to ob
tain a final volume of 0.25ml. One, 9 dimethylmethylene
blue (2.5 ml) was added and the absorbance read at 535 nm.
The amount of GAGS present in the samples was determined by
reading the absorbance in a spectrophotometer and comparing
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Cell cultures were prepared and treated as previously
described. After each treatment period, the chondrocyte
cultures were washed twice in Dulbecc&s phosphate buffered
saline (DPBS) containing Ca2~ and Mg2~ at 22°C and then
fixed in DPBS containing 5% formaldehyde and 5% sucrose for
1 h at room temperature. The cultures were washed three
times with DPBS, incubated with a 1:20 dilution of rabbit
anti—chicken fibronectin anti—serum and placed on a shaker
at room temperature for 1 h. After washing three times with
DPBS, fluorescein—tagged goat anti—rabbit IgG, diluted 1:20,
was used to detect bound antibodies for 1 h. The cultures
were washed three times (15 mm each) with DPBS then mounted
with glycerol—PBS (9:1), pH 9. The cultures were then ob
served and pictures taken with an Olympus flourescent micro
scope using a 450—500 nm pass exciter filter, a 510 nm cen
ter wavelength chromatic beam splitter and a 523 nm pass
barrier filter.
Actin Assay
Chondrocyte cultures were washed three times with PBS
after each treatment period with 30 and 40 mg DMSO/ml of
medium then fixed with 5% formaldehyde and 5% sucrose in
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PBS for 1 h at room temperature. The cultures were washed
three times in 0.05 M pH 7.7 cacodylate buffer and stored at
4°C overnight in 1.5 ml of storage buffer (6.86% sucrose, 1
mg/mi BSA, 0.02% sodium azide in 0.05 M cacodyiate buffer).
The storage buffer was poured off and the cultures were
washed three times with cold cacodylate buffer. Cold
ethanol: acetone (1:1) was added to the plates to disrupt
the cell membranes followed by four washes with cold PBS.
The cultures were incubated with a 1:10 dilution of rho—
damine phalloidin. The plates were covered with foil and
placed on a shaker for 4 h at room temperature. Afterwards,
the plates were washed four times with cold PBS, mounted in
glycerol: PBS (9:1) viewed and photographed with an Olympus
flourescent microscope using a 515—560 nm band pass exciter
filter, a 530 nm center wavelength chromatic beam splitter




For the initial study, experiments were conducted to
determine if there was a correlation between the effects of
DMSO on chondrogenesis and the induction of chromosome aber
rations in cultured chick limb mesenchymal cells. When
chick limb mesenchymal cells from stage 23—25 embryos were
treated with 1—5 mg DM50/mi of medium for 7 days, DMSO—
treated cultures resembled the control (Fig. 1). Both
the control and DMSO—treated cultures contained numerous
cartilage nodules which, when fixed and stained with
Toluidine blue, displayed well—defined metachromatic
cartilage matrix materials.
When cultured chick limb mesenchymal cells from stage
23—25 embryos were treated with 10—40 mg DMSO/ml of medium
during the first 24 h of culture, followed by the removal of
the drug, there was no difference in cartilage production
between the control and DMSO—treated cultures when
maintained in culture for an additional 6 days (Fig. 2).
All cultures produced large cartilage nodules which stained
metachromaticaily with Toluidine blue (Figs. 2 and 3). If
cells were treated with 10—40 mg/mi of DMSO for 48 h,
followed by the removal of the compound, there was a slight
reduction in the extent of chondrogenesis in cultures that
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Figure 1. Toluidine blue stained cultures of chick limb
mesenchymal cells treated with DMSO for 7 days
(a) control; (b) 1 mg/mi; (C) 2 mg/mi; (d)
3mg/mi; (e) 4 mg/mi; (f) 5 mg/mi.

Figure 2. Toluidine blue stained cultures of chick limb
mesenchymal cells treated with DMSO during the
first 24 h culture period. (a) control; (b) 10
mg/mi; (c) 20 mg/mi; (d) 30 mg/mi; (e) 40 mg/mi

Figure 3. Toluidine blue stained cartilage nodules of chick
limb mesenchymal cells cultured by the micro—mass
technique in the absence of DMSO. In (a) and
(b), cartilage nodules are represented by the
dark—stained material which is separated by
internodular areas (arrows) which do not stain.
(a) lOOx; (c) 200x.
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were treated with 30 and 40 mg DMSO/ml of medium when the
cell cultures were maintained for 5 days (Fig. 4). The
treated cultures contained darkly—stained metachromatic
nodules but the number of nodules present was less than that
observed in the control culture. Cultures that were treated
with 10 and 20 mg DMSO/ml of medium resembled control cul
tures with both the control and treated cultures containing
large and numerous cartilage nodules. However, if cell cul
tures were treated with 10—40 mg DMSO/ml of medium for 72 h
or 7 days, there was a lack of stainable cartilage nodules
in cultures that were treated with 30 and 40 mg IJMSO/ml of
medium (Figs. 5 and 6). The cultures treated with 30 and 40
mg DMSO/ml of medium retained the blue color of Toluidine
blue but there were no stainable cartilage nodules observed.
Those cell cultures treated with 10 and 20 mg DMSO/ml of
medium produced large stainable cartilage nodules which
resembled the control cultures.
Another series of experiments was conducted to deter
mine the possible inhibitory effect of DMSO as related to
the period of incubation at which the cell cultures were
exposed to the compound. Cell suspensions were plated
initIally for 24, 48 and 72 h followed by treatment with 10—
40 mg DMSO/ml of medium for the remainder of the 7—day
culture period. Cell cultures that were plated for 24 h,
then treated with 30 and 40 mg DMSO/ml of medium, were
Figure 4. Toluidine blue stained cultures of chick limb
mesenchymal cells treated with DMSO for 48 h.
(a) control; (b) 10 mg/mi; (C) 20 mg/mi; (d) 30
mg/mi; (e) 40 mg/mi.

Figure 5. Toluidine blue stained cultures of chick limb
mesenchymai cells treated with DMSO for 72 h.
(a) control; (b) 10 mg/mi; (c) 20 mg/ml; (d) 30
mg/mi; (e) 40 mg/mi.

Figure 6. Toluidine blue stained cultures of chick limb
mesenchymal cells treated with DMSO for 7 days.
(a) control; (b) 10 mg/mi; (c) 20 mg/mi; (d) 30
mg/mi; (e) 40 mg/mi.
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inhibited from producing cartilage nodules (Fig. 7).
However, in cultures that were treated with 10 and 20 mg
DMSO/ml of medium, the compound had no effect on the F
cartilage producing ability of these cells (Fig. 7). If
cultures were plated for 48 h, then treated continuously up
to Day 7 with 10—40 mg DMSO/ml of medium, cultures that
were treated with 30 and 40 mg DMSO/ml were inhibited from
producing cartilage nodules (Fig. 8). However, when
cultures were plated for 72 h, followed by treatment with
10—40 mg/ml of DMSO, the production of cartilage was
apparent in both the control and treated cultures (Fig. 9).
These cultures resembled cell cultures that were treated F
initially for 24 h followed by the removal of the drug
(Compare Figs. 9 and 2).
Cytogenetic Analysis
Chromosome Analysis in ovo
Five—day—old chick embryos were treated in ovo with 1—5
mg of DMSO for 24 h to determine if the drug could induce
chromosome aberrations in the limb. The limbs were removed
and prepared for chromosomal analysis as described in the
Methods section. Table 1 and Figures 10—13 summarize and
illustrate the types of aberrations induced by DMSO. The
aberrations included chromosome breaks, chromatid gaps,
chromatid fusions, rings, triradials, polyploidy and aneup—
loidy. Control embryos contained 4% aberrations while em—
Figure 7. Toluidine blue stained cultures of chick limb
mesenchymal cells treated with DMSO up to Day 7
after plating the cells for 24 h. (a) control;
(b) 10 mg/ml; (c) 20 mg/ml; (d) 30 mg/ml; (e) 40
mg/ml.

Figure 8. Toluidine blue stained cultures of chick limb
mesenchymal cells treated with DMSO up to Day 7
after plating the cells for 48 h. (a) control;
(b) 10 mg/mi; (C) 20 mg/mi; (d) 30 mg/mi; (e) 40
mg/mi.

Figure 9. Toluidine blue stained cultures of chick limb
mesenchymal cells treated with DMSO up to Day 7
after plating the cells for 72 h. (a) control;





ANALYSIS OF DMSO-INDUCED CHROMOSOME ABERRATIONS IN
CHICK LIMB CELLS FOLLOWING A 24 H TREATMENTa
DMSO (mg) Concentrations
ConCrol 1 2 3 4
No. of metaphases examined 100 100 100 100 100
Aberrations:
chromosome breaks 1
chromatid gaps 2 8 5 2
chromatid fusions 1 2 2
rings 2 2
triradials 1





% aberrations 4 8 16b 11C 10d
a Data represent the mean of three experiments.
b Significantly different from the control at p < 0.01,
Student t—test.
c Significantly different from the control at p < 0.05,
Student t—test.
d Significantly different from the control at p < 0.1,
Student t—test.
Figure 10. Normal chromosome complement of Gallus
domesticus. Note the first five pairs
(macrochromosomes) of chromosomes in the
photograph. 1250x.

Figure 11. Chromosome ring (arrow) induced with 3 mg of
DMSO. 1250x.

Figure 12. Aneuploidy, 2N—2, induced with 2 mg of DMSO.
Arrows indicate loss of chromosomes. 1250x.





bryos exposed to 1 mg of DMSO contained 8% aberration. How
ever, this was not significantly different from the control
embryos. Embryos treated with 2 mg of DM50 contained the
highest percentage of aberrations, 16%, which was signif
icantly different from the control value. Embryos exposed
to 3 and 4 mg of DMSO contained 10% and 11% aberrations,
respectively. These were also significantly different from
the control value. However, the percent aberrations
observed for embryos treated with 3 and 4 mg of DMSO were
not significantly different from embryos treated with 2 mg
of DMSO.
Morphological Studies of Cultured
Mesenchymal Cells
Phase Contrast Microscopy
High Density Micromass Cultures
When chick limb mesenchymal cells from stage 23—25 em
bryos were dissociated and plated in micromass cultures at a
high cell density (5 x l0~ cell/spot) in 35mm culture
dishes, they rapidly adhere to the surface. After about 2
h, most of the cells are usually attached. In culture,
these cells displayed a polygonal morphology (Fig. 14). By
24 h in culture, the cells are in close contact with one
another (Figs. 14a and b). During this period also, the
cells start to form clusters which are referred to as
aggregates. By 48 h, the aggregates were more distinct,
Figure 14. Phase contrast micrograph of chick limb
mesenchymal cells in micro—mass culture
incubated for 24 h in the presence of DMSO.
(a) control; (b) 20 mg/mi; (c) 30 mg/mi; (d) 40
mg/mi. Note the polygonal shape of the cells in
(a) and (b). The cells in (c) and (d) have
taken on a flattened appearance. 200x.
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larger and more numerous when compared to the 24 h cultures
(Fig. 15a and b). After 72 h in culture, the aggregates
have differentiated into cartilage nodules (Fig. l6a and b).
These nodules were refractile due to the large amounts of
extracellular matrix material produced by these cells.
Cartilage nodules were found throughout the culture and were
separated from one another by large internodular areas
(Fig. l6a and b). When cultures were stained with Toluidine
blue, the internodular areas did not stain metachromatically
as did the cartilage nodules (Fig. 3). With additional time
in culture, the nodules became larger and began to coalesce
with other adjacent nodules.
Within the cartilage nodule, the chondrocytes were more
spherical than the cells in the internodular area (Fig. 16a
and b). The cells that surrounded the nodules were more
elongated. When the cells deposited their matrix material,
each cell was pushed away from its neighboring cell. As the
matrix material was being secreted, the high cell density
that was characteristic of the aggregate stage was no longer
maintained.
When chick limb mesenchymal cells were treated with 20
mg/ml of DMSO for 24 h, they resembled the control cultures
at the same time period (Fig. 14b). The cells were
polygonal and in close contact with one another. After 48 h
in culture, aggregates were detected in certain areas of the
culture (Fig. 15b). By 72 h in culture, the cells produced
Figure 15. Phase contrast micrograph of chick limb
mesenchymal cells in micro—mass culture
incubated for 48 h in the presence of DMSO. (a)
control; (b) 20 mg/mi; (C) 30 mg/ml; (d) 40
mg/ml. Arrows indicate aggregates in (a) and
(b). Note the lack of aggregation in (c) and
(d). 200x.

Figure 16. Phase contrast micrograph of chick limb
mesenchymal cells in micro—mass culture
incubated for 72 h in the presence of DMSO. (a)
control; (b) 20 mg/mi; (c) 30 mg/mi; (d) 40
mg/mi. Cartilage nodules are apparent in (a)
and (b) [closed arrows] which are separated by
the internodular areas [open arrows]. Note the
lack of cartilage nodules in (C) and (d). 200x.
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large ref ractile cartilage nodules that were present
throughout the cell culture (Fig. l6b). These nodu1e~ ai~o
were separated from each other by internodular areas.
Chick limb mesenchymal cells treated with 30 and 40
mg/ml of DMSO did not resemble the control cultures when the
cells were cultured for 24, 48 and 72 h. After 24 h in cul
ture, cells that were treated with 30 and 40 mg/mi of DMSO
took on a more flattened appearance when compared to the
control cultures (Figs. l4c and d). It was also observed
that the cells were not in close contact with one another.
By 48 and 72 h in culture, the cells had flattened and
spread more than the cells treated for 24 h (Figs. 15c and
d; 16c and d). The close cell contact that was observed in
the control cultures, and cultures tre~ated with 20 mg
DMSO/ml of medium, was lost in the cultures treated with 30
and 40 mg DMSO/ml of medium for 48 and 72 h. There also
appeared to be more space between cells in these cultures
than in cultures treated with 30 and 40 mg DMSO/ml medium
for 24 h. These treated cells also failed to produce the
large refractile cartilage nodules that were present in the
control cultures.
Low Cell Density Chick Limb Mesenchymal Cell Cultures
In an effort to determine more specifically the effects
of DMSO on the morphology of cultured chick limb mesenchymal
cells, the cells were plated at a low cell density (5 x 10~
cells/culture dish). After 24 h, which allowed the cells to
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attach to the culture dish, the cells were treated with 20—
40 mg DMSO/ml of medium for either 24, 48 or 72 h. When
chick mesenchymal cells were plated at low density, they
readily attached to the culture dish and began to spread.
Before the cells were treated with DMSO, they were flattened
and fibroblastic in nature. For each time period, the
control cultures remained the same. They appeared elongated
and fibroblastic with distinct cell membranes, cytoplasm and
nuclei (Figs. 17a, 18a and 19a).
Cell cultures that were treated with 20 mg DMSO/ml of
medium for 24 h displayed a slight alteration in morphology
when compared to controls at the same time period. Even
though the cell membranes were distinct, there appeared to
be a reduction in the cytoplasmic area. The cells appeared
to be smaller than the control cells (Fig. l7b). However,
cells that were treated for 48 and 72 h resembled the
controls at the same time period (Figs. 18b and 19b).
In contrast, chick limb mesenchymal cells incubated
with 30 and 40 mg DMSO/ml of medium for 24, 48 and 72 h
exhibited altered morphology when compared to the controls
(Figs. 17c and d; 18c and d; 19c and d). For each treated
series, there appeared to be a reduction in cell size.
Cells treated with 40 mg DMSO/ml of medium displayed the
greatest reduction in size (Figs. 17d, 18d and l9d). Cells
in both groups, also exhibited irregular morphology with
Figure 17. Phase contrast micrograph of chick limb
mesenchymal cells plated at low cell density and
incubated for 24 h in the presence of DMSO. (a)
control; (b) 20 mg/ml; (c) 30 mg/ml; (d) 40
mg/mi. Note the slight reduction in cell size
in (b), (c) and (d). 200x.

Figure 18. Phase contrast micrograph of chick limb
mesenchymal cells plated at low cell density and
incubated for 48 h in the presence of DMSO.
(a) control; (b) 20 mg/ml; (C) 30 mg/ml; (d) 40
mg/mi. Note the irregular morphology of the
cells in (C) and (d). 200x.

Figure 19. Phase contrast micrograph of chick limb
mesenchymal cells plated at low cell density and
incubated for 72 h in the presence of DMSO.
(a) control; (b) 20 mg/ml; (c) 30 mg/mi; (d) 40
- mg/ml. Note the reduction in cell size and
alterations in the morphology of the cells in











Figure 22. Transmission electron photomicrograph of chick
limb mesenchymal cells cultured for 72 h in the
presence of 20 mg DMSO/ml of medium. x17,000.
(N) nucleus; (cv) coated vesicle; (M)
mitochondria; (m) matrix; (cf) collagen fibrils;
(V) vacuole.

Figure 23. Transmission electron photomicrograph of chick
limb mesenchyaml cells cultured for 72 h in the
presence of 30 mg/ml of DMSO. x22,000. Note
the alterations in the mitochondria and the




there appeared to be extensive membrane damage. The nuclear
membrane also appeared to have been altered (Fig. 24).
Total Cell Number and Viability
The total cell number was measured following treatment
with 30 and 40 mg DMSO/ml of medium to determine the effect
of the compound on cell attachment and viability of cultured
chick limb mesenchymal cells. Table 2 and Figure 25 summa
rize the effect of the drug on cell number. After the cells
were exposed to 30 and 40 mg DMSO/ml of medium for 24 h,
there was no difference in the total cell number between
treated and control cultures. After 48 h, there was a
gradual increase in the total number of cells in control
cultures. In contrast, there was a significant decrease in
the total cell number in both the 30 and 40 mg/ml DMSO—
treated cultures. When the cells were treated for 72 h,
there appeared to be a slight increase in the total cell
number in cultures treated with 30 mg DMSO/ml of medium.
However, the increase was not significant when compared to
the total cell number at 48 h. The total cell number
remained the same after 72 h treatment with 40 mg DMSO/ml of
medium. However, both the 30 and 40 mg/mi treatments were
significantly different from the controls.
After each time period, the cells were also analyzed
for viability. Table 3 and Figure 26 summarize the percent
viability of cells after exposure to 30 and 40 mg DMSO/mi of
Figure 24. Transmission electron photomicrograph of chick
limb mesenchymal cells cultured for 72 h in the
presence of 40 mg/mi of DMSO. x16,500. Note
the alterations in the cytoplasm and nuclear












































Figure 37. Immunofluorescent staining of cell surface
fibronectin in chick limb mesenchymal cell
cultured for 72 h. (a) control; (b) 30 mg/ml of







Figure 40. Immunofluorescent staining of actin filaments in
chick limb mesenchymal cells. The cells were
grown in culture for 72 h and stained with
rhodamine—tagged phailoidin as described in Fig.
38. (a) control; (b) 30 mg/mi of DMSO; (C) 40




Effect of DMSO on ChondrogeneSiS
These studies were conducted to determine the effect of
DM50 on the chondrogeflic process in vitro. Due to its
physicochemiCal characteristics, DMSO is an excellent
solvent for many compounds (Leake, 1967). It has been used
as a solvent for resins, drugs, dyes, pigments, steroids,
insecticides, fungicides and herbicides (Klingmafl, 1965;
David, 1972; Aiidreae, 1980). It has the ability to lower
the attraction between oppositely charged molecules when
they are solvated due to its high dielectric constant
(MacGregor, 1967; David, 1972; Morrison and Boyd, 1973).
DMSO can also form dipole-dipole or solvent—solvent
interactions which makes it a ubiquitous miscible agent
(Rammler and Zaffaroni, 1967; David, 1972).
Parker et al, (1978b) used DMSO to dissolve Cyto—
chalasin B (CB) in their studies to determine the effect of
CB on chick limb cell chondrogeflesis in vitro. In these
studies, the investigators added 10 ul of a 50% DMSO
solution (2.75 mg/mi) to the control cultures to assess
whether it interfered with normal developmental events. At
this DMSO concentration cartilage nodules were produced
throughout the control cultures. Zanetti and Solursh (1984)
also used DMSO as a solvent for Cytochalasifl D (CD) in their
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studies to determine the role that CD plays in the induction
of chondrogenesis. In the control experiments, a final
concentration of 0.2% (2.2 mg) of DMSO was used and the
compound had no apparent effect on differentiation or cell
survival. Even though OMSO was used by the previous
investigators, studies of the specific effect of various
concentrations of DMSO on chondrogenesis have not been
previously reported. The results of the present studies
indicate that DMSO at concentrations of 30 mg/mi or greater
inhibits the chondrogeniC process. The staining of cell
cultures with Toluidine blue was used to assess the extent
of inhibition of chondrogenesis. The inhibition of
chondrogenesis by DMSO was found to be both dose—dependent
and time—dependent. For the dose—dependent studies, chick
limb mesenchymal cells were treated with 1—40 mg DMSO/ml for
several days. It was observed that concentrations of 30
mg/mi or higher were needed to inhibit chondrogenesis. For
the time—dependent studies, two series of experiments were
carried out: a) initial treatment series and b) initial
plating series. In the former studies when chick limb
mesenchymal cells were treated with 10—40 mg/mi of DMSO for
24 h followed by the removal of the drug, the cells treated
at all concentrations produced cartilage as readily as the
control cultures. Treatment of the cells for 48 h
produced only a slight decrease in cartilage in cultures
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treated with 30 and 40 mg DMSO/ml of medium. However, the
chondrogenic process was totally inhibited when cells were
initially treated for 72 h with 30 and 40 mg DMSO/ml of
medium. The inhibition of chondrogenesis that was seen in
cell cultures treated for 72 h with 30 and 40 mg/ml was
similar to cell cultures treated with 30 and 40 mg/mi of
DMSO for 7 days.
For the initial plating series, cell cultures grown in
the absence of DMSO for 24, 48, and 72 h, followed by
treatment of the cultures with 10—40 mg/ml of DMSO,
displayed the opposite effect when compared to cultures
treated during the initial 24, 48 and 72 h of culture. When
cells were plated for 24 or 48 h prior to DMSO treatment,
stainable cartilage matrix production was not observed in
cultures treated with 30 and 40 mg DMSO/ml of medium.
However, when the cultures were plated for 72 h, then
treated with DMSO, these cells produced cartilage as readily
as the control cultures.
Capian (1970) and Aherns et al, (1977) reported that
the events involved in the production of cartilage are
highly ordered. There are specific times in the
developmental process where certain events take place.
During the first day in culture, cell aggregates become
visible then larger and more distinct by day 2. During this
2—day period, the cells are involved in close cell—cell
interactions. By day 3, the aggregates have differentiated
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into cartilage and are referred to as nodules. These
results suggest that DMSO may be interfering with a
sensitive step in the chondrogenic process that may be
occurring between 48 and 72 h of culture. From these
studies, when the cells are treated during the initial 24
and 48 h, cartilage nodules are found throughout the
culture. In contrast, cultures treated for 72 h failed to
produce any cartilage nodules. Further, if cultures were
plated for 24 and 48 h then treated with DMSO, cartilage
production was inhibited. Cartilage nodules were produced
in large amounts in cultures treated after an initial 72 h
culture period. These results resembled findings by
Zimmermann and Tsambaos (1985). These investigators
reported that the inhibitory effect of vitamin A on
chondrogenesis is due to the effect of the drug on the cells
before the onset of matrix synthesis. It was suggested that
this step, that is before the onset of matrix synthesis, is
most vulnerable to vitamin A treatment.
Cytogenetic Analysis
Due to the inhibitory effect of DMSO on chondrogefleSis
and its ability to induce chromosome aberrations in other
cell types (Kapp and Eventoff, 1980; Patterson and Smalls,
1981), a series of studies was conducted to determine
whether DMSO induced chromosome aberrations in chick limb
mesenchymal cells. Concentrations of l~5 mg DMSO did induce
chromosome aberrations in ova. The types of aberrations
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observed included chromosome breaks, chromatid gaps,
chromatid fusions, rings and triradials. Embryos exposed to
1 mg of DMSO contained 8% aberrations. Embryos treated with
2 tag of DMSO displayed the highest percentage of aberrations
with 16%. Concentrations of 3 and 4 mg of DMSO also induced
aberrations of 10 and 11%, respectively.
The concentrations of DMSO (1—5 mg) that induced
chromosome aberrations had no effect on chondrogenesis. It
took a ten—fold increase in the concentration of DMSO to
inhibit chondrogenesis. These results suggested that a
correlation did not exist between the induction of
chromosome aberrations in ovo and the inhibition of
chondrogenesis in vitro. These studies were in agreement
with studies showing that DMSO is capable of inducing
chromosome aberrations both in vivo (Kapp and Eventoff,
1980) and in vitro (Patterson and Smalls, 1981). However,
the concentrations used by Patterson and Smalls (1981) were
ten—fold higher than in the present studies. The types of
aberrations observed in the present studies were also
similar to the reports in the literature. The ability of
the lower concentrations to induce these aberrations in ovo
and their inability to inhibit chondrogeflesis in vitro
suggests that the compound could be converted into a more
toxic chemical in ovo.
It is known that during microsonial electron transfer,
as NADPH is oxidized, both hydrogen peroxide (H202) and the
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superoxide radical (02) are generated (Klein et al, 1981).
The microsomeS have the potential of generating hydroxyl
radicals (0H) by two mechanisms involving H202-depefldeflt
pathways. One is the Fenton reaction, in which the ferrous
ion catalyzes the decomposition of H2O2 to form an (OH)
radical:
Fe~2 + H202 > Fe~3 + 0H + OH
and the other, the Haber Weiss reaction, in which the 02
radical reacts with H202 to produce an OH radical (Klein et
al, 1981). Klein et al, (1980) and Klein et al, (1981)
reported that one of the in vivo metabolic products of DMSO
is formaldehyde (CH2O). They reported that this product is
produced when DMSO interacts with 0H.
Formaldehyde has been reported to be cytotoxic (Kreiger
and Gary, 1983; Pun et al, 1984). This compound also has
the ability to bind to proteins and nucleic acids (Kitamoto
and Maeda, 1980). Hemminki (1981) reported that CH2O may be
mutagenic. Kreiger and Gary (1983) reported that CH2O can
induce sister chromatid exchanges in human lymphocyte cul
tures. Based on these reports, one can speculate that in
the chick system, DMSO may be converted to CH2O which could
interact with DNA and induce aberrations.
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Effect of DMSO on Cell Morphology
The results of these studies indicate that DMSO alters
the morphology of chick limb mesenchymal cells. Previous
investigators also reported that DMSO alters the morphology
of cells in culture (Sato et al, 1971; Furmanski and Lubin,
1972; Aidoo, 1986).
The changes in morphology observed were both dose—
dependent and time—dependent. When treated with 30 and 40
mg DMSO/ml of medium for 24 h, the cells became flat and
began to spread out. This flattened appearance continued
through 72 h of culture. These cells resembled chondrogenic
cells treated with vitamin A (Lewis et al, 1978) and Chinese
hamster ovary (CHO) cells treated with DMSO (Dairkee and
Glaser, 1982). While control cultures produced cartilage
nodules by day 3, cells treated with 30 and 40 mg/mi of DMSO
did not. When chick limb cells differentiate, they assume a
rounded morphology within the cartilage nodules. Archer
(1982), Ahrens et al, (1977) and Zanetti and Solursh (1984)
reported that cell shape is an important factor in the
chondrogenic process. If cells were allowed to flatten and
spread, chondrogenesis could be altered. This is consistent
with the present study where the cells have altered
morphologies in micromass culture. The spreading and
flattening of cells treated with DMSO suggest that these
alterations may have an effecl.~ on chondrogenesis.
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Exposure of chick limb mesenchymal cells, plated at low
cell densities, to 30 or 40 mg DMSO/ml of medium resulted in
the reduction of the size and elongation of the cells and
membrane damage. The cells appeared to undergo atrophy.
Similar changes were observed when CHO cells were treated
with comparable concentrations of DMSO (AidoO, 1986). If
the concentration of DMSO as well as the time in culture
were increased, there was a corresponding increase in
cellular damage. The structural changes induced by DMSO
suggest that alterations in cell morphology may prevent the
cells from recognizing and interacting with one another.
This then could lead to an inhibition of cartilage
production.
Scanning electron microscopy revealed that control
cells exhibited extensive filopodia. The filopodia present
extended to neighboring cells. Rounded cells with numerous
lamellopodia were also observed. Cells treated with 20 mg
DMSO/ml of medium exhibit fewer filopodia than controls but
more than cells treated with 30 and 40 mg DMSO/ml of medium.
The latter lacked filopodia altogether and appeared to be
severely damaged. The cells treated with 30 mg DMSO/ml of
medium displayed a “sponge—like” cell surface. Similarly,
cells treated with 40 mg/ml of DMSO were more flattened than
cells treated with 30 mg/ml of DMSO. Other investigators
have also shown that OMSO alters the membranes of cultured
cells. Sato et al, (1979) reported that when Friend
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erythroleukemia cells were treated with DMSO, the glycocalyx
was lost and the cells contained numerous viruses budding
from their surface (Sato et al, (1971). Parker and Hooper
(1979) also reported that Fc receptors are lost from the
surface of Friend erythroleukemia cells treated with DMSO.
These observations and those of the present studies support
the fact that membrane alterations do occur and may account
for the modulation of differentiation seen following DMSO
treatment.
Transmission electron microscopy revealed changes in
the ultrastructure of the cells. Not only were the plasma
membranes affected, but other cellular components as well.
There was an increase in the number of vacuoles in the cells
treated with DMSO. Other alterations observed include
swollen mitochondria and the distortion of the nuclear
membrane.
Lewis et al, (1978) studied the effects of vitamin A on
the morphology of chick limb cells. They reported that more
fuzzy coated vesicles were observed in the treated cultures
after Day 4 than in the controls. There were changes also
within the plasma membrane of the cells, i.e., more
thickened plasma membrane contacts between cells. Further,
it was observed that vitamin A enhanced the retention of a
high molecular weight protein (MW240,000) at the cell
surface. The nuclei of these vitamin A—treated cells were
also affected. The nuclei appeared long and extended,
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while there appeared to be no changes within the
mitochondr ia.
Shilkin et al, (1966) reported that hepatocytes from
rats given oral doses of DMSO contained enlarged mitochon—
dna as well as less extensive cytoplasmic extensions.
Mhatre et al, (1983) reported that a single intraperitofleal
injection of 275 mg of DMSO to rats (100—125 g body weight)
effectively uncoupled oxidative phosphorylation in liver
mitochondria. Although the investigators failed to report
any cellular damage, it is believed that the uncoupling of
oxidative phosphorylation could lead to changes in the
morphology of the mitochondria. In this study, the cells
treated with 30 mg DMSO/ml of medium displayed alterations
in the morphology of the mitochondria as well as a reduction
in cytoplasmic projections.
The Effect of DMSO on Cell Number and Viability
These studies were conducted to determine if the inhi
bition of chondrogeneSis by DMSO was due to a decrease in
cell number. When chick limb cells were plated at high
density and treated with 30 and 40 mg DMSO/ml of medium,
there was a significant decrease in the number of cells
present in the cultures after 48 and 72 h. These results
are similar to those reported by Aidoo (1986). In those
studies, CHO cells exposed to l~3% DMSO after 48 h in
culture resulted in a decrease in the actual number of cells
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present in the culture flask after 24 h in culture. This
decrease continued after 192 h in culture. Caplan (1970)
reported that a critical cell density (5 x io6 cells/plate)
was needed to induce cytodifferentiation of chick limb
mesenchymal cells in vitro. With the apparent loss of cells
after treatment with DMSO, the high cell density that is
needed to induce cytodifferentiatiOn is lost. Even though
there is a loss of cells after a 48 and 72 h exposure to
DMSO, those cells that remain attached to the substratum
were determined to be viable using the Trypan blue exclusion
test. The results of this study suggest that the inhibition
of chondrogeneSis by DMSO may be related to a decrease in
cell density.
The Effect of DMSO on the Incorporation of Radioactive
Isotopes
These studies were conducted to determine if the inhi
bitory effect of DMSO on chondrogenesis was related to
alterations in macromolecular synthesis of the cells.
Labelling experiments showed that DMSO reduced [3H]—
thymidine incorporation in DNA, [3H]—leucine incorporation
into protein, [3H]—glucosamifle incorporation into glycopro
teins and secreted materials and [35S]—sulfate incorporation
into sulfated GAGS. This reduction was not totally related
to cell death since the studies were based on a common
factor such as the total amount of protein. This suggests
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that these alterations in synthesis were indeed due to the
test compound. The labelling experiments also suggest that
the cytotoxic effect of DMSO may occur when cells are
exposed longer to the drug since the isotopes are readily
incorporated in both the treated and control cultures up to
Day 3.
After 24 h, the incorporation of [3H]—thymidine was
reduced in cultures treated with DMSO. After 48 h, there
was a reduction in both the treated and control cultures
when compared to the 24 h studies. However, at this time,
only those cultures treated with 40 mg DMSO/ml of medium
were shown to be inhibited from incorporating [3H]—
thymidine. There was no difference between the control
cultures and cultures treated with 30 mg/mi of DMSO. By 72
h, there was no difference in the incorporation Of
thymidine when the treated cultures were compared to the
controls. It should be pointed out that after 72 h, the
cells in the control cultures have differentiated. Since
many of the cells had differentiated, one would expect a
decrease in DNA synthesis. On the other hand, the decrease
in [3H]—thymidifle incorporation in the treated cultures
probably relates to the effect of the chemical on these
cells.
The decrease in [3H~—thymidine incorporation of chick
limb mesenchymal cells was in agreement with studies
reported by Preisler et al, (1978b), Hassell et al, (1978)
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and Parker and Hooper (1978b). Preisler et al, (l975b)
reported that the percentage of DMSO—treated erytholeuketnic
cells that incorporated [3H]-thymidifle was much lower than
the controls during the first 24 h. After 48 h, there was
no significant difference between the control and treated
series. It is interesting to note that at 48 h there was a
significant increase in the percentage of DMSO—treated cells
that incorporated [3H]—thymidine when compared to treated
cells at 24 h. By 72 h, there was a significant difference
in the percentage of labelled cells between treated and
control cultures. However, after 96 h, the percentage of
labelled cells were similar in both the treated and control
cultures. The investigators suggested that DMSO temporarily
prevents cells from initiating DNA synthesis after plating.
However, after 48 h, these cells were able to overcome this
initial inhibition.
Parker and Hooper (l978b) reported that treatment of
Friend erythroleukemic cells with 2% DMSO resulted in a
decrease in the incorporation of [3H]—thymidine over a 5—
day period. They suggested that this decrease in the incor
poration of [3H]—thymidine was probably due to the fact that
these cells were approaching a saturation density and fewer
cells were dividing. In the present studies, there was also
a decrease in the incorporation of [3H]—thymidine over a 3—
day period. It is interesLing to note that by day 3, most
of the control cells had differentiated and few of these
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cells were actually dividing. The decrease observed in the
treated cultures was probably due to a direct affect of the
drug on the cells.
Hassell et al, (l978a) reported that vitamin A also
causes a decrease in the synthesis of DNA over a 4—day
period in chick limb mesenchymal cells plated at a high cell
density. However, in contrast to this report, Horton and
Hassell (1986) reported that retinoic acid had no effect on
the incorporation of [3H]—thymidine when chondrocytes were
plated at a low cell density on culture dishes or when the
cells were suspended in methyl cellulose.
[3H]—leucine incorporation by chick limb mesenchymal
cells was also affected by DMSO. When cell cultures were
treated with 40 mg DMSO/ml of medium for 24 h, there was a
significant decrease in the incorporation of leucine when
compared to the controls. However, there was no significant
difference in the incorporation of [3H]—leucine between the
controls and cultures treated with 30 mg DMSO/ml of medium.
After 48 and 72 h, there was a significant difference in the
incorporation of [3H]—leucine when both treated series were
compared to the controls. This decrease in protein
synthesis in the treated cultures may be related to a
decrease in the number of polyribosomeS (Nishioka and
Silverstein, 1978).
The incorporation of [3H]-glucosafflifle and [35S1—sulfate
into glycoproteins and sulfated GAGS was also altered by
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DMSO. The incorporation of [3H]-glucosamine over a 3-day
period in cells treated with 30 mg/ml of DMSO was the same.
However, cells treated with 40 mg/mi displayed a decrease in
the incorporation of [3H]—glucosamifle after 72 h. Overall,
for each time period, there was a significant decrease in
the incorporation of [3H]—glucosalfline when the treated
cultures were compared to the controls. Even though chick
limb bud cells were able to utilize [35S]—sulfate, the
amount of incorporation in the treated cultures was reduced
over a 3—day period when compared to the control cultures.
In both the treated and control cultures, however, the
incorporation of [35S]—sulfate increased over the 3—day
period.
Dairkee and Glaser (1982) reported a decrease in the
incorporation of [3H]—glucosamifle and [35S]—sulfate by CHO
cells treated with DMSO for 24 h. A reduction was seen in
the amount of incorporation of [3H1—glucoSamine when
compared to the incorporation of [35S]—sulfate. It was
suggested that [3H}—giucosamifle demonstrated a greater
decrease in GAG content with increasing DMSO concentrations
when compared to the [35S1—sulfate, because it also
contained the nonsulfated GAG, hyaluronic acid (HA). The
[35S)—sulfate was probably incorporated into chondroitin
sulfate, dermatan sulfate and heparan sulfate. Luikart et
al, (1984) also reported that there was a decrease in [35S]—
sulfate incorporation when HL6O/HGPRT leukemia cells were
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treated with DMSO. On the contrary, the results of the
present study do not indicate this. It was observed that
there was an increase in [3H]—glucosamifle incorporation when
compared to [35S1—sulfate incorporation.
Effect of DMSO on Total DNA, Protein and GAG Content
When chick limb cells were treated with 30 and 40 mg/mi
of DMSO, there were changes in total protein, DNA and GAG
content over a 3—day period. Treatment of cells with 30 and
40 mg DMSO/ml of medium after 72 h resulted in a decrease in
the total protein content from 178.5 ug to 123.6 ug and
144.0 ug to 47.2 ug, respectively. These results indicate
cell loss since protein/cell is relatively constant. When
cells were treated with 30 and 40 mg DMSO/ml of medium, the
total DNA content of the cell cultures decreased. These
results were similar to studies reported by Aidoo (1986).
It is interesting to note that concomittant with the
decrease in total DNA content, there was a decrease in cell
number. Since the two are directly related, this decrease
in total DNA content per dish is probably due to a reduction
in cell density of the cultures. However, when the total
protein content was measured in relationship to total DNA
content, there was no significant difference in the
protein/DNA ratio between the control and DMSO—treated
cultures. Thus, although there is a loss of cells after
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DMSO treatment, the ratio of protein to DNA remained the
same.
Total GAG content of chick limb mesenchymal cells was
also evaluated after DMSO treatment. The results obtained
were surprising. Cell cultures treated with 40 mg DMSO/ml
of medium contained higher levels of GAG material when
compared to the controls for both the 24 and 48 h periods.
These observed increases were significantly different from
the control values. However, after 72 h, there was no
significant difference between the control and treated
cultures. Since GAG synthesis was reduced, it was assumed
that the GAG content would be reduced. The results
suggested that DMSO could be interferring with the turnover
of GAG material. To determine if there was a relationship
between the increased amounts of GAG material in the treated
cultures and turnOver of GAG material, chick limb
mesenchymal cells were plated for 24 h followed by treatment
with 40mg DMSO/ml of medium for 24 h. The cells were pulse—
labelled with 2.5 uCi [3H1—glucosalfline/ml of medium for 5 h
during DMSO treatment. The label was removed and the cells
were washed and placed in fresh medium containing 40mg
DMSO/ml. The turnover of GAG material was determined 0, 24,
48 and 72 h following the 5 h pulse. It was observed that
at time zero, there was no significant difference in the
counts between the control and treated cultures. After the
24 h post—labelling period, the counts observed in the
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treated cultures were higher than the counts in the
controls. The counts in the control cultures decreased
while the counts in the treated cultures remained high.
However, there was no significant difference in the counts
between the control and the treated cultures. After the 48 L
h post—labelling period, the counts were significantly
different between the control and treated cultures. By
contrast, at the 72 h post—labelling period, there was no
significant difference in the counts between the control and
treated cultures. It is noteworthy that at each post—
labelling period, the counts in the treated cultures were
higher than the counts in the control cultures. These
results suggest that the increased GAG material observed in
cultures treated with 40mg DMSO/ml of medium may be due to
DMSO—induced alterations in the turnover of these products.
Effect of DMSO on Fibronectin and the
Cytoskeleton of Chick Limb Cells
Fibronectin is known to be involved in cell attachment
to collagen and the culture substratum. It is synthesized
and transported to the extracellular space during the
differentiation of limb mesenchymal cells (Pennypacker et
al, 1979). Once the cells have differentiated, they lose
the capacity to synthesize or accumulate fibronectifl. It is
believed that one way fibronectin is removed is by
proteolytic enzymes (Hassell et al, 1978b). Hassell et al,
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(1978a, 1978b) reported that vitamin A retained fibronectin
at the cell surface. Dairkee and Glaser (1982) also found
that DMSO increased the presence of fibronectin at the
surface of CHO cells. Swalla and Solursh (1984) reported
that fibronectin inhibited chondrogeneSis of chick limb
cells.
To determine if the inhibition of chondrogenesiS could
be related to the retention of fibronectin at the cell
surface, chick limb mesenchymal cells were treated with DMSO
and assayed by immunofluoreSCenCe. When cell cultures were
treated with 30 and 40 mg DMSO/ml of medium, fibronectin was
observed at the cell surface following 24 h of treatment.
The presence of fibronectin in the treated cultures
persisted after 72 h in culture. These results were similar
to those reported in the literature (Hassell et al, l978a,
l978b; Dairkee and Glaser, 1982). It has been suggested
that the presence of fibronectin at the cell surface could
interfere with direct cell—cell interactions that are needed
during chondrogefleSiS. If these cells are prevented from
contact with neighboring cells, chondrogeflesis could be
hindered.
Cell motility is a very important factor in chondro—
genesis because it is needed for cell aggregation (Caplan,
1970). Actin, a major component of the cytoskeleton, is
involved in cellular movement (Osborn and Weber, 1980). To
determine if DMSO might possibly inhibit differentiation by
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affecting the motility of chick limb cells, rhodamifle
phalloidin was used to detect the presence and organization
of actin filaments after DMSO treatment. There were well
defined stress fibers throughout the cells in the control
cultures. These stress fibers, that contain actin fila
ments, were in parallel and perpendicular arrays to the long
axis of the cells. However, cells treated with 30 and 40 mg
DMSO/ml of medium failed to display the stress fibers.
These cells, however, displayed a diffused staining pattern
with rhodamine phalloidin.
In agreement with the present studies, Sanger et al,
(1980a and b), Osborn and Weber (1980) and Fukui and
Katsumaru (1980) reported that DMSO caused the rapid
disruption of cytoplasmic actin filaments. Krowczynska et
al, (1985) reported that the mRNA for tubulin and actin was
lost in mouse erythroleukemia cells exposed to DMSO. These
studies suggest that chondrogenesiS could be inhibited by




Dimethyl sulfoxide (DM50) has been found to be a very
useful biochemical tool for understanding the processes of
differentiation. It is known to stimulate the differen
tiation of erythroleukemic cells (Friend et al, 1971), human
lung cells (Trakla and Rabson, 1976) and mouse neuroblastoma
cells in vitro (Furmanski and Lubin, 1972). However, DMSO
has not been studied with regard to the differentiation of
chick limb mesenchymal cells. This study was designed and
conducted to determine the effects of DMSO on the chondro—
genic process in vitro.
The following conclusions were drawn from these
studies:
1. The addition of DMSO, when administered under specific
conditions, to chick limb mesenchymal cell cultures
plated at high density, inhibited chondrogenesis in
vitro.
2. The response was both dose—dependent and time—
dependent. A 30 mg DM50/mi concentration was optimal
for the inhibition of chondrogefleSiS.
3. Lower DMSO concentrations (1—5 mg) are not sufficient
to inhibit chondrogenesiS in vitro. However, these
concentrations induced chromosome aberrations in ovo.
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4. DM50 induces changes in the morphology of the cell.
Some of the observed changes included plasma membrane
alterations, alterations in cell shape and cellular
organelles. These results suggest that these altera
tions may partially account for the lack of
chondrogeflesis.
5. The decrease in cell number following DMSO treatment
suggests that the chemical may have an affect on cell
replication as well as altering the attachment of cells
to the substratum. This would indicate that the
inhibition of chondrogeneSis by DMSO may be related to
a decrease in cell density. The decrease in total DNA
content and total protein content following DMSO
treatment may be directly related to the decrease in
total cell number since protein/cell and DNA/cell are
relatively constant. However, when the total protein
content was measured in relationship to total DNA
content, the ratios were similar.
6. DMSO caused a decrease in macromolecular synthesis.
This decrease may account for the lack of matrix
products being secreted.
7. There was an increase in GAG content following DMSO
treatment. Additional studies suggest that this
increase in GAG content may be related to alterations
in the turnover of these products.
163
8. The accumulation of fibronectin at the cell surface
following DMSO treatment could play a role in
inhibiting cells from interacting with each other,
thereby preventing differentiation.
9. The compound appears to be altering the organization of
actin filaments. Since actin is involved in cellular
movement, this suggests that DMSO might possibly
inhibit differentiation by affecting the motility of
chick limb cells.
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